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ABSTRACT
This document details the source and occurrence of particulates in a nanofiltration (NF) process,
considers the implementation of additional pretreatment to improve feedwater quality, and
investigates the impact of submicron particles on membrane performance. Much of this research
was performed in cooperation with the City of Boynton Beach (City) at the West Water Treatment
Plant (WTP) and stemmed from particulate fouling concerns in the pretreatment and NF membrane
processes. The water quality of the individual wells that supply the West WTP was evaluated to
identify the source of particulates which overload the pre-filters (5-µm cartridge filters) and may
contribute to membrane fouling. The results indicated that particulates are largely provided by
three of the ten wells; however, it was shown that the wells produced poor quality supplies upon
well start-up containing increased turbidity relative to the membrane feedwater quality. The
effectiveness of sand filtration (SF) as an additional pretreatment step, prior to CF, was
investigated in a pilot-scale study. SF consistently reduced feedwater turbidity by at least 70
percent. Furthermore, the distribution of nanoparticles (NPs) and microparticles (MPs) in the NF
feed-concentrate channel ranged between 50-nm and 70-µm as identified using particle sizing
technologies. Over 65 million submicron particles per milliliter (mL) were detected in the
feedwater and diminished to approximately 3.5 million particles/mL in the concentrate stream.
Most of the particles had diameters of less than 1-µm, while larger MPs were also identified
primarily consisting of silts/clays, calcium carbonate, elemental sulfur, and, in the concentrate
streams, organic based matter. The impact of NPs on membrane productivity was probed in
laboratory-scale experiments. Small NPs (10-20 nm) caused the greatest flux decline; however,
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when combined with larger particles (1-µm), the flux decline was not as severe likely due to the
formation of a lower density foulant layer on the membrane surface.
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INTRODUCTION
Fouling is a significant problem for WTPs utilizing membrane technologies as it causes
performance to decline, operating costs to increase, and membrane life to shorten. Particulate
fouling is problematic for nanofiltration (NF) and reverse osmosis facilities due to the pressure
increase from particulates plugging the narrow feed channel. To minimize the introduction of
particulates into NF facilities, it is important to maintain the water supply and to select a
pretreatment process capable of adequately meeting feed water quality parameters. Research was
conducted with the City of Boynton Beach (City) due to an increase in feed pressure requirements
and in particulate loadings onto the pre-filters following an increase in well field pumping capacity
at the West WTP. The objectives of this work were to address the particulate fouling concerns at
the West WTP by identifying the source and determining the effectiveness of additional
pretreatment. Additionally, this research aimed to investigate the occurrence and impact of
nanoparticles and microparticles in a NF membrane process. To accomplish the research
objectives, four tasks were established:
1. Monitor each well supplying the West WTP by measuring water quality parameters,
determining the fouling potential, and installing point-of-use cartridge filter devices
2. Assess the effectiveness of sand filtration as an additional pretreatment step to reduce
particulate build-up on the pre-filters.
3. Determine the size distribution and concentration of nanoparticles and microparticles
throughout a NF membrane process and identify the composition of the particles.
4. Investigate the impact of nanomaterials on NF flux and membrane surface characteristics.
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IDENTIFICATION OF INDIVIDUAL WELL
CONTRIBUTIONS TO THE FOULING OF CARTRIDGE FILTERS
PROVIDING PRETREATMENT FOR A NANOFILTRATION
MEMBRANE PROCESS
Abstract
An evaluation of individual wells supplying a nanofiltration membrane water treatment plant was
performed to determine sources of foulants impacting process feedwater quality. Following an
increase in pumping of the wellfield to meet an increase in demand, the supply wells have caused
an increase in particulate loading onto the plant’s 5-micron rated cartridge filters (CFs) than
historically experienced. To investigate individual well contributions to plant CF particulate
loadings, point-of-use (POU) CF devices were constructed that could be attached directly to each
well. After a well relaxation period of at least 24-hours, CF performance and water quality were
monitored over a 30-day testing period following well reactivation. Each of the ten wells
comprising the wellfield demonstrated a low fouling potential with silt density index values of less
than 3 units; however, cycling of the individual wells was found to cause an increase in feedwater
turbidity upon start-up followed by a sharp improvement in water quality. Foulant deposits
collected on the CFs from some of the wells, which were thought to produce lower quality supplies
based on the deposits found on the cartridge filters following the monitoring period, were identified
using scanning electron microscopy and energy dispersive X-ray spectroscopy with superimposed
elemental imaging®. Limestone (calcium carbonate), silt, clay, and iron sulfide deposits were
identified in each of the four wells. Furthermore, one of the four wells was suspected to be
microbiologically active. The use of a POU CF apparatus was an effective approach to monitor
foulants produced by the individual wells and the subsequent impact on the plant’s pre-filters.
2

Keywords: groundwater, wellfield, cartridge filter, nanofiltration, particulate, fouling, surficial
aquifer
Introduction
Reverse osmosis (RO) and nanofiltration (NF) treatment processes are typically supplied by
groundwater wells; although, some utilize surface water sources. The source and quality of the
feedwater supplying membrane water treatment facilities has a considerable impact on the design
and performance of membrane water treatment facilities. Rigorous pre-treatment is required for
surface water supplies as they are exposed to the atmosphere and, thus, prone to seasonal variations
and contamination from microbiological and anthropogenic sources (Missimer, 1994). For
example, the Tampa Bay Water Seawater RO facility, which is supplied by an estuarine system,
encounters operational difficulties due to poor feed water quality, specifically the high
concentrations of bacteria and formation rate of biofilms. As a result, the facility is considering redesigning the pretreatment system and may consider switching to a saline groundwater source
(Harvey et al., 2020). Generally, groundwater sources do not require extensive pre-treatment as
they are anaerobic and low in suspended solids content. Furthermore, the water quality of
groundwater supplies is typically more consistent than that of surface water supplies (Missimer,
1994). However, it has been reported by Bexfield and colleagues (2012) that some wellfields
experience variations in water quality due to seasonal operations associated with pumping
requirements even though the drilled wells extended into deep basin-fill aquifers.
While the chemistry of well water is typically more consistent than that of surface water, the
stability of groundwater quality is known to vary depending on aquifer type and depth.
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Groundwater chemistry is controlled by the composition of sediments in the aquifer and the
interaction of water with the rocks as it moves through the aquifer, but stability is dependent upon
the location, depth beneath the land surface, and whether the aquifer is confined or unconfined
(Missimer, 1994). Unconfined aquifers are close to the land surface with the water table at
atmospheric pressure. Confined aquifers are located further below the land surface and surrounded
with impermeable materials which pressurize (saturate) the aquifer. Aquifers can also be
characterized as semi-unconfined, meaning there is some resistance to vertical flow, or semiconfined, where there is separation by low permeability layers. Generally, the most stable water
chemistry is associated with confined aquifer supplies located inland, while shallow, unconfined
systems near the coast often have the most variable water quality. Unconfined aquifer supplies are
sensitive to variations in precipitation, and the interaction of freshwater and saltwater flows
impacts the stability of coastal aquifer supplies due to the density difference (Missimer, 1994; Wilf
et al., 2011). Furthermore, groundwater well quality stability is known to be dependent on pumping
stress characteristics (Reilly & Pollack, 1993).
Capturing groundwater for use in potable water systems requires the use of wells for which
protection and preventative maintenance is necessary to reduce the risk of well failure (Khazaei,
2017; Pereira & Morais, 2020). Additionally, ensuring that wells are designed properly and
maintained can avert major problems with the membrane treatment process and production
capacity (Howe et al., 2012). Groundwater wells feeding membrane treatment plants should be
largely free of suspended solids, dissolved iron, and elemental sulfur as these constituents are
known to plug NF and RO membranes (Missimer, 1994; Wilf et al., 2011). The fouling potential
of groundwater supplies is quantified the silt density index (SDI), shown in Equation (2-1)
4

(Kremen & Tanner, 1998; Missimer, 1994). Most wells do produce small amounts of particulates
which may result from aquifer erosion or precipitation due to changes in pressure and, in some
cases, exposure to air (Missimer, 1994). Anaerobic conditions should be maintained throughout
the wellfield and plant as the introduction of air alters the chemical stability of the water. Although
it is infrequent, groundwater wells can also experience bacterial fouling as some species are found
in aquifers (Missimer, 1994; Tyrrel & Howsam, 1997; West & Chilton, 1997). Should bacterial
fouling occur, mitigating actions, such as chemical treatment, should be taken to prevent the
possibility of biological fouling occurring in the pretreatment system and being passed on to the
membrane process.
t
(1 − 1 )

SDI = 100 *

𝑡2

(2-1)

T

Where,
SDI = silt density index
𝑡1 = initial time needed to filter 500 mL, s
𝑡2 = final time to needed to filter 500 mL, s
T = total test time, min (usually 15 min)
Membrane treatment plants are designed to operate within a certain range of feedwater parameters;
however, changes in feedwater consistency are known to impact productivity and to decrease the
lifespan of membrane processes (Howe et al., 2012; Missimer, 1994). It is important to evaluate
the current well water characteristics, investigate changes in groundwater supply quality, and to
consider changes in water chemistry that are projected to occur in the future. Katz and colleagues
5

(2007) studied groundwater chemistries and water age distributions to characterize sources of
contaminants and vulnerability to supply wells. Wells should also be monitored for changes in
hydraulic performance, chemistry, and biofouling indicators (Smith, 1992). Yet, unlike the Katz
and Smith study that focused on identifying the dominant factors that impacted the vulnerability
of public water supplies to groundwater contamination, there has been less effort to determine the
impacts of well operations on downstream water treatment processes. In fact, precise estimates of
increased operational and mitigation impacts resulting from damage and loss of efficiency
associated with well deterioration or unintended operational procedures are not readily available.
In this current research, a wellfield supplying a NF membrane water treatment plant (WTP) that
has been experiencing increased particulate loading in the pretreatment system was evaluated to
determine individual well contributions to inferior or higher membrane feedwater quality. The
collected information was intended to assist water utility operations in identifying well fouling
characteristics and to determine if any proactive measures can be taken to manage the system
operationally.
Site Description
The Biscayne aquifer is a surficial (shallow), unconfined aquifer that supplies water to Dade
County, Broward County, and southeastern Palm Beach County (Kingsbury, 2020; Miller, 1990).
The aquifer predominantly consists of highly permeable limestone as well as sandstone and sand
to a lesser extent and is separated from the underlying Floridan aquifer system by a thick, low
permeability layer consisting of silt/clay deposits (Miller, 1990). Saltwater is present near the
portion of the aquifer that makes up part of the floor of the Biscayne Bay; however, the
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conservation of freshwater through the installation of canals, levees, conservation areas, and
pumping stations has minimized saltwater encroachment (Kingsbury, 2020; Miller, 1990). The
conservation of freshwater also helps to sustain the water level during times of low precipitation,
but the water table of the Biscayne aquifer is known for sudden fluctuations in resulting from
changes in rainfall, discharge, and well pumping rates (water supply demands) (Miller, 1990).
The West WTP is owned and operated by the City and has a production capacity of 8.7 million
gallons per day (MGD). The City’s process configuration consists of six parallel, 2-stage NF
membrane trains. Pretreatment of the membrane feed water consists of pH acidification with
sulfuric acid, scale inhibitor addition, and cartridge filtration with a nominal rating of 5-microns.
Ten groundwater wells pull water from the Biscayne Aquifer to supply the West WTP. The
groundwater wells are 8-inches in diameter and 150 feet deep with flow capacities ranging from
800 to 1450 gallons per minute (gpm). In March 2017, increased pumping of the western well field
was required after the City incorporated the western well field supply to provide water to the East
Lime-softening Water Treatment Plant (East WTP). A raw water pipe runs from the western well
field, passing the West WTP, until it reaches the East WTP. The increased pumping of the western
well field appears to have affected the particulate loading rate onto the cartridge filters (CF) and
may contribute to irreversible fouling of the membrane elements. The wells have been reported to
produce sand intermittently, which strains the cartridge filter capacity causing premature wear.
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Materials and Methods
Well Monitoring Evaluation
Point-of-use (POU) cartridge filter (CF) monitoring panels were used to evaluate the performance
of a CF directly connected to each well of the western wellfield over the course of 30-days. Figure
2-1 shows one of the CF boards installed at one of wells. The boards have a CF holder, effluent
flow meter, and pressure gauges before and after the filter mounted to the panel. Performance was
monitored by recording the effluent flow rate and change in pressure across the filter, pressure
drop (dP), throughout the 30-day monitoring period. The effluent flow rate was set upon
installation to simulate the loading rate seen by the CFs at the plant, which was consistent with the
operation of the POU CF panels in a similar study at the West WTP (Globaltech, 2005). The
influent pressure on the boards was set at 40 psi in accordance with the influent pressure at the
West WTP. Before installation of the CF monitoring panels, the wells were shut off at least 24-hrs
prior to the start of the monitoring period to simulate normal operating conditions as the West
WTP rotates their wells. Up to three wells were evaluated at a time over the same 30-day period.
In addition to the panels installed in the wellfield, a CF monitoring board was installed at the plant,
prior to chemical pretreatment, to compare the performance and water quality results of the
combined flow from the wellfield with the results from the individual wells. The combined flow
includes supplies from additional wells that were rotated (cycled) throughout the study, besides
the ones under evaluation for a given monitoring period, to meet the demand at both WTPs.
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Figure 2-1: Cartridge filter monitoring panel
Sample Collection and Analysis
Several water quality parameters were measured upon installation of the CF monitoring boards to
characterize the water quality of the individual wells. CF influent and CF effluent turbidity were
measured at regular intervals throughout the 30-day monitoring period. Additionally, pH,
oxidation-reduction potential (ORP), and sulfide measurements were taken at each well upon startup of the boards, and bulk samples were collected to measure chloride, sulfate, alkalinity, calcium,
dissolved organic carbon (DOC), and total suspended solids (TSS). Silt density index (SDI)
measurements were also taken to determine the fouling potential of each well. Furthermore,
Rossum sand testing (RST), which is an accurate method to quantify the amount of sand
production, and dissolved oxygen (DO) measurements were performed at select wells that were
believed to produce lower quality supplies based on the deposits found on the cartridge filters
following the monitoring period. Table 2-1 summarizes the different tests performed, test location,
methods used, equipment descriptions, and method detection limits.
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Table 2-1: List of methods and equipment for water quality analysis
Test

Location

Method

Equipment description

Detection Level

Alkalinity

UCF
Laboratory

SM: 2320 B. Titration Method

Sulfuric Acid Burette Titration

5 mg/L as CaCO3

Calcium

UCF
Laboratory

SM: 3120 B. Inductively Coupled Plasma
Method

Inductively Coupled Plasma
Spectrometer – Optical Emission
Spectroscopy Perkin Elmer Avio 200

0.01 mg/L

UCF
Laboratory

SM: 4110 B. Ion Chromatography; SM: 4500
B. Argentometric Method

Ion Chromatography - Dionex ICS1100 with AS40 Automated Sampler

0.2 mg/L

DO

West WTP

SM: 4500-O G. Membrane-Electrode Method

YSI Pro 20 Dissolved Oxygen Meter

0.1 mg/L

ORP

West WTP

SM: 2580 B. Oxidation-Reduction Potential
Measurement

HACH HQ40D ORP Probe

-2000 to 2000 mV

RST

West WTP

Roscoe Moss Company TM: 005-7

Rossum Sand Tester ®

5.28 ppm

Sulfide

West WTP

HACH Method 8131

HACH DR900

0.01 mg/L

Turbidity

West WTP

SM: 2130 B. Nephelometric Method

HACH 2100N Laboratory Turbidity
Meter

0.01 NTU

pH

West WTP

SM: 4500-H+ B. Electrometric Method

Hach HQ 40d

0.01 pH units

SDI

West WTP

ASTM Standard D4189-07(2014)

Automated SDI/MFI prototype (Harn
RO Systems, Inc.)

-

DOC

UCF
Laboratory

SM: 5130 C. Persulfate-Ultraviolet or HeatedPersulfate Oxidation Method

Teledyne Tekmar Total Organic
Carbon Fusion UV/Persulfate Analyzer

0.01 mg/L

TSS

UCF
Laboratory

SM: 2540 D. Total Suspended Solids Dried at
104 ℃

Mettler Toledo VF0021.04

2.5 mg/L

Chloride
Sulfate
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Scanning Electron Microscopy and Energy Dispersive Spectroscopy with Superimposed
Elemental Imaging®
Scanning electron microscopy (SEM) together with energy-dispersive spectroscopy (EDS) and
superimposed elemental imaging® (SEI®) analysis was used to identify and quantify the elemental
composition of foulants collected on some cartridge filters following the 30-day testing period.
The collected sample material was bombarded with electrons from a SU5000 SEM (Hitachi,
Chiyoda, Tokyo, Japan) to produce x-rays. The emitter used was a Schottky-type device with a
spatial resolution of 2.0 nm at 1 kV and high probe current (>200 mA). The resulting X-rays were
then measured by the XFlash 6-60 dispersive spectrometer (Bruker, Billerica, MA) to acquire the
elemental compositions (EDS spectra) of the foulants. SEI was incorporated into the analysis to
visually distinguish the elemental composition of foulants on the surface by elemental mapping to
enhance the findings from EDS to identify the chemical compositions of the cartridge filters.
Quality Assurance and Quality Control
The quality of the collected laboratory data was ensured through the implementation of quality
assurance and quality control (QA/QC) measures in accordance with standard guidelines (Baird et
al., 2017). Laboratory analyses were either replicated or duplicated and spiked on a minimum of
every tenth sample to ensure instrument and technique precision and accuracy.
Accuracy and Precision
The accuracy of a sample set was determined by spike recovery experiments. A known
concentration of an analyte is added to a sample to detect equipment accuracy. An acceptable
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percent recovery is within the range of 80 to 120 percent calculated using Equation (2-2) (Baird et
al., 2017).

% Recovery =

Csample+spike − Csample
∗ 100
Cspike

(2-2)

Where,
Csample = sample concentration (mg/L)
Csample + spike = spiked sample concentration (mg/L)
Cspike = concentration of spike added (mg/L)
The precision of a sample was determined by field duplicates and lab replicates. A field duplicate
sample is the analysis of two independent samples prepared from two separate collections and is
used to check sampling procedure precision. A lab replicate is the analysis of two independent
samples prepared from the same collection which is used to check equipment precision. Precision
of sample collection, handling, and preparation techniques was calculated by relative percent
difference (RPD) and the industrial statistic (I-statistic) shown in Equations (2-3) and (2-4),
respectively. A relative percent difference under 10% is considered acceptable (Baird et al., 2017).

% RPD =

S−D
∗ 100
S+D
2

(2-3)

S−D

I-statistic = |S+D|

(2-4)

Where,
S = sample concentration (mg/L)
D = duplicate/replicate sample concentration (mg/L)
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Summary of Laboratory Quality Control
Table 2-2 details the RPD, I-statistic, and percent recovery for dissolved organic carbon
measurements during the wellfield evaluation, and in Table 2-3, the RPD, I-statistic, and percent
recovery values for chloride, sulfate, and calcium analyses were provided.
Table 2-2: Western well field DOC QA/QC
Sample ID

Date

RPD (%)

% Recovery

I-statistic

Plant

2/13/2020

0.944

92.3

0.00472

Well 12

4/28/2020

0.692

92.0

0.00346

Well9

6/16/2020

1.87

68.8

0.00936

Well 6

10/8/2020

0.818

90.9

0.00409
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Table 2-3: Chloride, sulfate, and calcium QA/QC in the western well field
Parameter

Sample ID

Date

RPD (%)

% Recovery

I-statistic

Well 10

2/13/2020

2.01

91.8

0.0100

Plant

2/13/2020

1.43

88.9

0.0072

Plant

4/28/2020

0.319

78.6

0.0016

Well 7

4/28/2020

0.616

82.1

0.0031

Plant

6/16/2020

0.309

87.0

0.0015

Well 6

10/8/2020

0.089

85.8

0.0004

Well 10

2/13/2020

3.19

88.8

0.0159

Plant

2/13/2020

2.24

83.1

0.0112

Plant

4/28/2020

0.367

97.0

0.0018

Well 7

4/28/2020

0.256

104

0.0013

Plant

6/16/2020

0.563

62.2

0.0028

Well 6

10/8/2020

0.178

88.4

0.0009

Plant

2/13/2020

0.696

80.3

0.0035

Plant

4/28/2020

0.328

98.3

0.0016

Well 7

4/28/2020

4.04

NA

0.0202

Well 4

6/16/2020

5.45

105

0.0273

Well 6

10/8/2020

3.76

92.4

0.0188

Chloride

Sulfate

Calcium

*NA: not analyzed
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Results and Discussion
Well Monitoring Evaluation with CF Monitoring Panels
The effluent flow and pressure values were recorded three times per week, and it was found that
the change in dP throughout the 30-day study was minimal, except for the dP of Well 12 which
reached 6 psi after just 15 days. Following the monitoring period, it was found that the Well 12
CF experienced considerable particulate loading which could explain the rise in dP. CF influent
and effluent turbidity was also measured three times per week over the 30-day study, and the
averaged results are shown in Figure 2-2. The average effluent turbidity greatly exceeded average
influent turbidity for Well 9; whereas, the average influent turbidity was greater than or similar to
the average effluent turbidity in the other wells, even though there was some variability in the
measurements. Missimer (1994) noted that bacterial growth is problematic when the wells are not
operated continuously and can accumulate in the pre-filters. Shedding from microbiological
growth within the CF could explain the increase in effluent turbidity for Well 9 as the well was
rested prior to start-up. Furthermore, the average influent turbidity was less than 0.5-NTU for most
wells, which was unexpected considering the degree of particulate loading onto the West WTP’s
CFs. It is possible that vertical hydraulic gradients caused by transitions in well rotation can drive
migration of shallow groundwater through the aquifer to the wells as shown by reported variations
in water quality during pumping operations by Bexfield and Jurgens (2014).
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Figure 2-2: Average CF influent and average CF effluent over the 30-day monitoring period
Well Water Quality Evaluation
Turbidity and total suspended solids (TSS) were measured upon well start-up and once again
following turn-over of approximately 4 well column volumes (flush sequence). Figure 2-3 shows
the percent decrease in turbidity between the two time points for each well. For each well, the
percent decrease is over 50%. However, the only TSS measurement that showed a noticeable
change was Well 12, which dropped from 34.75 mg/L to 2.5 mg/L (92.8% decrease). The TSS
amount at start-up for the other wells did not reach 2.5 mg/L (method detection limit), which
indicates the foulants present at well start-up could be fine particles or colloidal (low molecular
weight) matter or a combination of both. In addition to biomass accumulation, it has been reported
that precipitates form when wells are off-line for a few days or more which results in production
of cloudy water upon pump start-up and, ultimately, the deposition of colloidal (low molecular
weight) material onto the prefilters (Missimer, 1994). The installation of blow-off valves at each
16

well is commonly implemented to discharge the groundwater until the cloudiness clears up to

Turbidity Percent Decrease

protect the pre-filters.
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Figure 2-3: Percent decrease in turbidity from well start-up to the end of the flush sequence
Table 2-4 details the pH, calcium, oxidation-reduction potential (ORP), sulfide, turbidity (after the
flush sequence), SDI, dissolved organic carbon (DOC), and alkalinity measurements for each well
and for the West WTP. The plant water quality measurements reported in Table 2-4 are the average
values from all four well rotations. Many of the water quality measurements from the well field
are similar to those observed at the West WTP; however, there some differences were observed
showing that there are differences in water quality among the individual wells. Within the well
field, sulfide measurements were noticeably different ranging from 0.39 to 1.15 mg/L. SDI
measurements were taken to quantify the fouling potential of each well, which was found to be
low (SDI < 3). In fact, the SDI value at the plant exceeded any of the measurements taken in the
western well field. Chloride and sulfate concentrations for each well are presented in Figure 2-4.
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The measurements varied among the different wells with the concentration of sulfate in Well 9
being noticeably lower than that of the other wells.
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Figure 2-4: Chloride and sulfate concentrations in the western well field
Rossum Sand Testing (RST) and dissolved oxygen (DO) measurements were performed on the
wells that produced the low-quality supplies, which was based on the state of the CFs following
the 30-day monitoring period and water quality parameters. RST was conducted on Well 12 and
Well 13 as the wells produced the most particulates; however, the resulting sand content from both
wells was too low to quantify by RST (< 5.28 ppm). Dissolved oxygen was measured at Wells 9,
12, and 13 to ensure that there was no break in the piping allowing foulants into the well, and the
results are summarized in Table 2-5. The DO measured at start-up of Well 9 was 2.42 ppm (29.3
% saturation), while there was no difference in DO between start-up and the end of the flush
sequence for Well 12 and Well 13. The increased amount of DO measured at Well 9 right at startup could be attributed to a problem with the pump maintaining the water level.
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Table 2-4: Western well field water quality measurements (plant measurements are averaged)
Well
Number

pH

Temperature
(°C)

Calcium
(mg/L)

ORP
(mV)

Sulfide
(mg/L)

Turbidity
(NTU)

SDI

DOC
(mg/L)

Alkalinity
(mg/L as
CaCO3)

1

7.09

26.4

103

-201

0.65

0.44

1.3

8.77

315

4

7.07

27.1

106

-165

0.63

0.22

1.7

7.84

399

5

6.98

26.9

108

-130

0.39

0.27

1.8

8.22

389

6

6.95

27.3

98.4

-263

0.59

0.31

2.4

10.2

377

7

6.99

27.9

115

-144

0.66

0.36

2.8

10.7

268

9

7.07

28.7

99.8

-182

0.39

0.19

2.1

8.41

382

10

7.24

27.7

79.3

-242

1.15

0.31

2.3

9.52

330

11

7.22

27.1

82.7

-199

0.52

0.34

1.6

9.05

348

12

7.19

27.9

79.9

-134

0.46

0.31

2.2

7.20

312

13

7.23

28.1

68.7

-265

1.05

0.31

1.8

8.42

307

Plant

7.11

27.0

98.2

-181

0.72

0.33

3.3

9.48

369
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Table 2-5: Dissolved oxygen results (after flush sequence)
Well Number

DO (% saturation)

DO (ppm)

9

1.6

0.14

12

2.4

0.19

13

2.4

0.20

Well Foulants Identification
Filters from the Well 9, Well 10, Well 12, and Well 13 CF monitoring boards were autopsied by
American Water Chemicals, Inc (Plant City, FL) (Abbas & Hernandez, 2020a, 2020b, 2020c,
2020d). The results, obtained by SEM and EDS with SEI®, identified limestone (calcium
carbonate) and silt/clay deposits on all four filters. Organic based matter deposits were only
identified on the CF from Well 9. Additionally, the deposits identified on the CFs from the
wellfield were in agreement with foulants identified from the autopsy of two full-scale CFs as part
of another study with the West WTP (Hernandez, 2019; Hernandez & Abbas, 2019). The results
of the wellfield CF autopsies are summarized in
Table 2-6, and the filters are shown in Figure 2-5. SEI® results are presented in Figure 2-6 through
Figure 2-9, with boxes around regions of interest, and the quantified EDS results corresponding to
the regions of interest are provided in Table 2-7. Visual inspection of the CF filters from each well
show that Well 12 (Figure 2-5a) produced the most particulate matter followed by Well 13 (Figure
2-5c). It is also worth noting that, while less than the two aforementioned wells, Well 10 (Figure
2-5d) produced a greater amount of particulates than any of the remaining wells. Globaltech (2005)
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previously reported the production of a significant amount of sand by Well 12 and determined that
the cause was excessive pumping of the well and recommended further inspection.
Table 2-6: Foulants identified by CF autopsy

Well 9
•
•
•
•
•

Limestone
•
Silt/clay
Iron oxide/hydroxide
•
Iron sulfide
•
Organic based
matter

Well 10
Limestone
(calcium
carbonate)
Silt/clay
Iron
disulfide

Well 12
•
•
•
•
•
•

Limestone
Silt/clay
Iron oxide/hydroxide
Pyrite
Calcium phosphate rock
Elemental sulfur

Well 13
•
•
•

Limestone
(calcium
carbonate)
Silt/clay
Iron disulfide
(pyrite)

Figure 2-5: CF monitoring board filters from (a) Well 12, (b) Well 9, (c) Well 13, (d) Well 10
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Ch 0

C

Si

P

Ca
50 µm

Ch 1

MAG: 450x

HV: 15 kV WD: 9.7 mm

Figure 2-6: Well 12 CF SEI® results depicting limestone, calcium phosphate rock, and silts/clays
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Si

Fe
20 µm

Ch 1

MAG: 1000x

HV: 15 kV WD: 10.0 mm

Figure 2-7: Well 9 CF SEI® results depicting organic based matter, silts/clays, and iron sulfide
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MAG: 6000x

HV: 15 kV

WD: 11.6 mm

Figure 2-8: Well 13 CF SEI® results depicting limestone and iron disulfide
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S
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Fe
10 µm
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MAG: 3000x

HV: 15 kV WD: 10.1 mm

Figure 2-9: Well 10 CF SEI® results depicting calcium carbonate (limestone) and iron disulfide
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Table 2-7: Quantified EDS results by atomic percentage
Atomic Percentage (%)
Element
Well 12

Well 9

Well 13

Well 10

Carbon

21.2

81.8

45.0

43.3

Oxygen

57.3

14.8

26.7

24.6

Silicon

3.33

0.34

2.70

0.95

Calcium

11.3

0.38

6.70

6.79

Iron

ND

0.67

6.78

8.69

Sulfur

3.45

0.56

11.5

15.2

Aluminum

0.83

0.35

0.39

0.21

Phosphorus

1.19

0.59

ND

ND

Chlorine

ND

0.51

ND

0.03

Magnesium

0.21

ND

0.20

0.11

Sodium

1.24

ND

ND

0.08

*ND: not detected
Green deposits (Figure 2-5b) and organic based matter foulants (Table 2-6) were only observed on
the CF from Well 9. The green deposits could be indicative of the growth of algae or the
precipitation of certain species onto the filter, and the formation of these deposits may be
influenced by the increased DO at well start-up (Table 2-5). The foulant responsible for the green
deposits on the Well 9 CF is likely responsible for the average CF effluent turbidity exceeding the
average influent turbidity (Figure 2-2). Furthermore, algae are known to metabolize sulfur for its
growth (Giordano et al., 2005), and the presence of algae in Well 9 could explain the low sulfate
and sulfide concentrations observed at this well (Walton, 1997). It appears that Well 9 may be
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biologically active; however, it is not possible to definitively determine the biological foulant
responsible for the green residue as microbiological testing was not part of the monitoring regime.
Interestingly, a previous study by Globaltech (2005) identified bacteria on the filter taken from a
POU device at Well 9 and noted difficulties in the consistent operation of the monitoring board;
however, details on the type of bacteria were not provided.
Conclusions
The results indicate that the individual wells of the western wellfield supply high quality water to
the West WTP apart from Wells 9, 10, 12, and 13. Only a slight increase in dP (difference in
pressure from CF inlet to outlet) and a small decrease in the effluent flow rate over the 30-day
testing period was observed for the other wells. Additionally, the SDI measurements indicated that
supplies from each of the wells had a low fouling potential as the values were all less than 3, which
is considered sufficient for NF process feedwater. However, it does appear that lower quality
supplies are produced upon well start-up from the turbidity measurements taken at well start-up
(Figure 2-3). Although, the West WTP’s CFs are experiencing increased particulate loading, it
appears that the particulates are largely supplied by Wells 12, Well 13, and, to a lesser extent, Well
10. However, it should be noted that the TSS, influent turbidity (Figure 2-2), and RST results
indicate that sand production is intermittent.
There were differences in water quality among the groundwater wells as some of the foulants
identified by autopsy were found in each well (limestone and silt/clay), while additional
constituents of foulant deposits were specific to certain wells. Specifically, there is evidence to
suggest that Well 9 produces foulants that are not observed in the other wells of the western
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wellfield. It was noted that the green stains, organic based matter deposits, and increased filtrate
turbidity were not observed for any of the other cartridge filters. The concern that Well 9 is
biologically active should be addressed to prevent the possibility of biological foulants occurring
in the pretreatment system and being passed on to the membrane process, especially considering
the historical problems with this well (Globaltech, Inc., 2005).
The findings presented in the research suggest that the more significant foulants are introduced
during startup of each well following relaxation and could explain the high loadings experienced
in the NF plant’s pretreatment process. These findings would suggest that the wells contributing
to the problem (Wells 9, 10, 12 and 13) should be inspected and rehabilitated. Additionally, it was
recommended that the utility consider adding blow-off valves to remove the particulates and
colloidal matter produced when wells are brought back on-line following routine cycling of the
wellfield.
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ASSESSMENT OF SAND FILTRAION AS
PRETREATMENT TO CARTRIDGE FILTERS PROCESSING
FEEDWATER FOR A NANOFILTRATION MEMBRANE PROCESS
Abstract
An investigation into the inclusion of sand filtration (SF) prior to cartridge filtration (CF) as
additional pretreatment as step for an 8.7 million gallon per day (MGD) nanofiltration (NF) process
was performed at the pilot-scale. While routine backwashes were maintained, SF consistently
reduced feed water turbidity, with values as high as 2.5-NTU, by 78% and 72% on average for
chemically-treated NF feed and raw feed, respectively. Turbidity breakthrough was found to have
occurred after about two weeks of operation. The impact of operating conditions on the full-scale
membrane process was tested using a NF single element (NF-SE) pilot unit. The unit was operated
to simulate first-stage tail-end element conditions. Interestingly, the NF-SE membrane, which was
placed downstream of the plant’s pre-filters, experienced two significant increases in pressure in
less than two months. Foulants deposited onto the NF-SE membrane and two of the full-scale
plant’s pre-filters were identified by elemental analysis and mapping. Deposits of silts/clays,
organic based matter, and calcium sulfate (as particulates) were identified to be present on both
full-scale pre-filters and the NF-SE membrane. The findings indicated that particulates
intermittently passed through full-scale CF and impacted membrane performance. Based on the
research findings the water purveyor implemented a production-scale SF-CF-NF pilot program to
obtain design criteria for the subsequent construction of the recommended SF improvements.
Keywords: nanofiltration, membrane fouling, sand filtration, cartridge filtration, particulate
loading, plugging
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Introduction
Synthetic membrane technologies are often utilized in potable water treatment to remove
contaminants by applying a force across a microporous or semipermeable material. There are two
major types of membrane processes: electrically-driven and pressure-driven. The literature
reviewed herein is focused on pressure-driven membrane technologies. Microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) are pressure-driven membrane
processes (AWWA, 2007; Howe et al., 2012a). The distinction among membrane technologies is
based on pore dimensions, contaminants rejected, and operating pressures.
Membrane filtration (MF and UF), RO, and NF use distinct physiochemical mechanisms to remove
contaminants. In MF and UF, contaminants are removed from a two-phase stream, made up of
liquid and particles, by straining at the membrane surface and, in some conditions, electrostatic
effects. Alternatively, in RO dissolved contaminants in a single-phase system are separated by
diffusion through a semipermeable membrane (Howe et al., 2012a). The properties of NF
membranes lie in between those of UF and RO. In NF, separation involves sieving, diffusion, and
Donnan (electrical) effects (Chaabane et al., 2004). The water that passes through the membrane
is called the filtrate or permeate in MF and UF, but the preferred term for NF and RO membrane
processes is permeate. The stream containing the contaminants that are unable to pass through the
membrane is known as the concentrate or retentate (Howe et al., 2012a; Howe et al., 2012b).
Nanofiltration
In 1977, a California-based manufacturer (Fluid Systems Div., Signal Cos. Inc., San Diego, CA)
developed the first NF membrane which achieved complete rejection of divalent ions and fifty
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percent removal of monovalent salts (Conlon & McClellan, 1989). NF was first described as
“softening membranes”, “loose RO”, or, in some cases, “low-pressure reverse osmosis
membranes”. The water community quickly realized that NF membranes outperformed UF with
regards to color and hardness removal (Conlon & McClellan, 1989; Tan & Sudak, 1992). The
ability to produce high quality permeate at an appreciable production rate with lower feed pressures
than reverse osmosis and greater color removal efficiencies than UF led to nanofiltration becoming
an established water treatment process by the late 1980s (Hilal et al., 2004; Van der Bruggen &
Vandecasteele, 2003). NF is used to remove NOM (natural organic matter), soften hard water
(removing calcium and magnesium ions), and other dissolved contaminants from potable water
supplies (AWWA, 2007; Taylor et al., 1987).
NF membranes are usually operated in cross-flow filtration mode and constructed in a spiralwound configuration (in the United States) with spacers in between the membrane sheets to
provide a route for the feed water, which is termed the feed-concentrate channel. In cross-flow
filtration mode, the NF membrane process is operated in such a manner that the cross-flow velocity
is about five times greater that superficial velocity of water in the direction of the surface of the
membrane. As a result, the shear force created by the crossflow velocity largely prevents
microparticulate solids from settling on the membrane and forming a cake layer (Hoek et al., 2002;
Howe et al., 2012b).
Single membrane units are called elements, which are placed in series and enclosed in a pressure
vessel. Each pressure vessel typically contains between six and seven membranes elements in NF.
When feed water enters the pressure vessel and encounters the first membrane element, some water
passes through the membrane to the permeate collection tube while the remainder of the stream,
31

which is now more concentrated, flows to the next element (AWWA, 2007; Duranceau & Taylor,
2011; Wilf et al., 2011). NF facilities operate several pressure vessels in parallel called a stage.
Membrane processes can be configured to increase solute removal (multiple pass system) or
increase the amount of water treated by feeding the concentrate from one stage to a second stage
(multiple-stage system). In many municipalities, implementing a multi-stage system is more
attractive due to the increased product water volume and decreased concentrate waste stream
volume (Xu et al., 2013).
Nanofiltration membranes are comprised of multiple flat-sheet layers that are constructed into
spiral-wound configurations. The layer exposed to the feed stream is termed the active layer and
is responsible for the separation of contaminants from water. The active layer is thin, approximate
0.02 to 0.2 microns in thickness, with low porosity. A thicker, more porous layer, approximately
50 microns in depth, provides structural support to the active layer (Howe et al., 2012b; Wilf et
al., 2011). Membrane formulations can be asymmetric, where a single material forms a porosity
gradient making up the active and support layers, or thin-film composite (TFC), which is a
membrane made up of two or more materials (Filho et al., 2011; Howe et al., 2012a). Cellulose
acetate (CA) and polyamide (PA) derivatives are common materials for NF membranes, which are
typically constructed as asymmetric and TFC membranes, respectively (AWWA, 2007; Howe et
al., 2012b; Wilf et al., 2011). In TFC membranes, the support layer is usually made of polysulfonetype materials and a polyester reinforcing layer supports the polysulfone backing upon which the
active PA layer is attached (Duranceau & Taylor, 2011; Wilf et al., 2011).
The selection of pretreatment for NF processes is dependent on the feedwater source and raw water
quality and will impact membrane performance over time. Generally, surface water requires more
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pretreatment than groundwater (Missimer, 1994). For example, adequate pretreatment for
groundwater wells encompasses the addition of a scale inhibitor and cartridge filtration (CF), while
the pretreatment of surface water sources consists of coagulation and media filtration in addition
to anti-scalant addition and CF (Wilf et al., 2011). The former can be expanded upon to include
sand filters or sand screens to remove particulates. Kowalski (2014) reported that sand filtration
exhibited greater removal of natural organic matter (NOM) the MF or UF due to the
microbiological stability. Sand filtration has also been shown to reduce the concentration of iron,
manganese, and particulates (Kowalski et al., 2014).
Membrane Mathematics and Basic Principles
In nanofiltration, pressurized feed water enters the feed-concentrate channel to produce permeate
and concentrate streams. The NF process is depicted in Figure 3-1 and described mathematically
using flow and mass balance principles. Equation (3-1) and Equation (3-2) represent the flow
balance and mass balance, respectively.

Figure 3-1: NF membrane process schematic
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Qf = Qp + Qc

(3-1)

QfCf = QpCp +QcCc

(3-2)

Where,
Qf = feed flow rate, gal/min
Qp = permeate flow rate, gal/min
Qc = concentrate flow rate, gal/min
Cf = solute concentration in the feed, mg/L
Cp = solute concentration in the permeate, mg/L
Cc = solute concentration in the concentrate, mg/L
Transmembrane pressure (TMP or ΔP) is the driving force of NF and is given by Equation (3-3).
Furthermore, the net driving pressure (NDP) takes osmotic pressure into consideration to yield the
pressure that is available to drive the NF process. Osmotic pressure (Δπ) is the force required to
achieve thermodynamic equilibrium due to the difference in solute concentration between the
streams in the feed-concentrate channel and the permeate channel. The driving force must be
greater than the osmotic pressure to overcome the concentration gradient and shift the system to
nonequilibrium. NDP and Δπ are described by Equation (3-4) and Equation (3-5), respectively.
Pressure drop (dP), described by Equation (3-6), is the difference in pressure across the membrane
system, pressure vessel, or element. A large dP indicates considerable fouling has occurred and
can cause breakage to membrane elements or other materials (Duranceau & Taylor, 2011; Howe
et al., 2012b; Zhao & Taylor, 2005).
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ΔP =

Pf + Pc

– Pp

(3-3)

NDP = ΔP – Δπ

(3-4)

2

Δπ = R * [

(Cf + Cc )∗ Tf
2

– CpTp]

(3-5)

dP = Pf – Pc

(3-6)

Where,
ΔP = transmembrane pressure, psi
Pf = feed pressure, psi
Pc = concentrate pressure, psi
Pp = permeate pressure, psi
NDP = net driving pressure, psi
Δπ = osmotic pressure, psi
R = universal gas constant, L*psi/mol*K
Tf = feed temperature, K
Tp = permeate temperature, K
The predominant removal mechanism for nanofiltration is diffusion; therefore, contaminant
removal depends on the water flux through the membrane, the pressure, and the influent
concentration of solutes. Water flux (Jw) is the rate of permeate production by the membrane
process and can be determined using Equation (3-7). The mass transfer coefficient (MTC) for
water flux (kw), also termed specific flux, describes the water flux normalized for net driving
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pressure. The kw is given by Equation (3-8). While the driving force for water flux is the NDP, the
mass transfer of solutes is governed by the difference in concentration across the membrane (ΔC).
Equation (3-9) and Equation (3-10) are used to calculate the solute flux (Js) and MTC for solute
flux (ks), respectively (Zhao & Taylor, 2005).
The fraction of a given contaminant separated from the permeate stream by the membrane is the
rejection (Rej). The rejection of a solute or bulk parameter is determined with Equation (3-11).
Water flux, solute flux, and rejection are impacted by increases in Pf and Cf. An increase in feed
pressure forces more water through the membrane while the solute flux is unaffected. Therefore,
rejection increases due to the decrease in Cp. Conversely, a surge in feed concentration causes the
Jw to decrease, due to greater Δπ, and Js to increase, due to the larger ΔC. As a result, there is a
reduction in solute rejection and, consequently, permeate quality (Howe et al., 2012b).

Jw = kw (ΔP – Δπ) =

Qp

(3-7)

A

J

w
kw = NDP

(3-8)

Cf − Cc

Js = ks [(

2

) – Cp ] =

Qp C p

(3-9)

A

J

ks = ∆Cs
Rej = (1 -

(3-10)
Cp
Cf

) * 100

(3-11)

Where,
Jw = volumetric water flux, gfd
A = effective membrane area, ft2
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kw = water flux mass transfer coefficient, gal/ft2*d*psi (gfd/psi)
Js = solute mass flux, mg/ft2*d
ks = solute flux mass transfer coefficient, L/ft2*d
ΔC = change in concentration across the membrane, mg/L
Rej = rejection, dimensionless
Nanofiltration membrane systems are designed to operate at a certain water flux and recovery rate
(r), which is the amount of permeate produced relative to the amount of water entering the
membrane process. Recovery is determined using Equation (3-12). Feed water chemistry affects
the recovery rate in NF processes. Small, polar water molecules easily flow through the membrane,
but contaminants present in the feed stream are separated at the membrane surface due to their
size, charge, or polarity (Howe et al., 2012b). As a result, a boundary layer is formed by the
contaminants near the membrane surface wherein the concentration is greater than in the bulk feed
stream. This phenomenon is known as concentration polarization and can adversely impact RO
processes and to a lesser extent NF process (Marinas & Urama, 1996). In addition to effects of
increased feed concentration on membrane performance that were previously described (decreased
Jw, increased Js, and reduced rejection), some solutes could reach their solubility limits and
precipitate out of solution onto the surface of the membrane (scaling). Scaling causes pore
blockages which reduce the effective membrane area and impact permeate production (Howe et
al., 2012b).
Qp

r = ( Q ) * 100

(3-12)

f
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Where,
r = recovery, dimensionless
Membrane Fouling
A loss of performance or fouling is a significant problem for water treatment facilities utilizing
membrane technologies. Membrane fouling is a decline in specific flux in comparison to initial
conditions. As foulants build up on the surface or within the feed-concentrate channel, an increase
in driving pressure is required to maintain the same rate of production. The production rate
decreases when the capabilities of the feed pumps are exceeded due to resistance through the
membrane (Howe et al., 2012b). Additionally, performance declines as membranes age due to
chemical cleanings and foulant build-up (Wilf et al., 2011). In membrane filtration, performance
can be restored through regular backwashing and cleaning cycles. NF and RO processes are reliant
on the shear force created by the crossflow velocity and chemical cleanings to mitigate fouling as
backwashing is not possible (AWWA, 2007; Hoek et al., 2002). Even with routine cleanings,
performance will gradually decline over the life of a membrane, because some of the flux cannot
be recovered due to the age of membranes or permanent damage. Additionally, frequent cleanings
are costly, increase system downtime, and the chemicals used can damage the surface of the
membrane (Howe et al., 2012a).
Suspended solids, biological growth, and NOM are materials commonly responsible for membrane
fouling in both membrane filtration and reverse osmosis systems (Howe et al., 2012a; Wilf et al.,
2011). Particulate fouling by suspended solids or silts is concerning in NF and RO processes,
because backwashing is not possible. Plugging will occur in NF and RO processes if a substantial
38

number of particles, either organic or inorganic, enter the feed-concentrate channel at once.
Therefore, pretreatment to remove particulates is required to reduce excessive loading of particles
in reverse osmosis systems (Howe et al., 2012b). Biological fouling is biological growth
(microorganisms and biofilms) on the surface of the membrane or in feed-concentrate channels
usually from contaminated feedwater (Howe et al., 2012b; Wilf et al., 2011). If the system is not
operated properly or flushed regularly (with permeate or biocides) when not in service, biological
fouling can become a significant problem. Membrane fouling by NOM is more difficult to manage
than particulate or biological fouling (Guo et al., 2020). The degree of fouling depends on the
properties of the NOM, the quality of the feed solution, and the membrane material (Al-Amoudi,
2010; Howe et al., 2012a, 2012b).
Inorganic scaling and soluble metal precipitates are sources of fouling in reverse osmosis systems.
Scaling occurs when the concentration of salts exceeds their solubility limits and precipitate onto
the membrane (Al-Amoudi, 2010). The concentration of sparingly soluble salts will increase as
more water passes through the membrane; thus, the salt concentration is dependent on the
recovery. Limiting the production rate to the allowable recovery will protect against scaling. The
allowable recovery is the greatest possible recovery before the limiting salt precipitates, which is
determined from solubility calculations (Howe et al., 2012b). Chemical pretreatment with acid and
antiscalant addition is typically utilized in NF and RO processes (AWWA, 2007; Jeong et al.,
2013). Soluble metals, such as iron and manganese, present in feed waters in their reduced state
can also form deposits on the membrane upon oxidation. To address fouling concerns, oxidation
can be prevented, or the oxidized species can be removed during pretreatment (Howe et al., 2012b).
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Site Description
The West WTP has a production capacity of 8.7 million gallons per day (MGD). The City’s process
configuration consists of six parallel, 2-stage NF membrane trains. The first stage consists of the
FilmTecTM NF-90-400 membranes, and the second stage contains the FilmTecTM NF-270-400
elements. The former membranes are known to provide higher salt rejection than the latter.
Pretreatment of the membrane feed water consists of pH acidification with sulfuric acid, scale
inhibitor (anti-scalant) addition, and cartridge filtration with a nominal rating of 5-microns.
Over the last seven years, the feed pressure required to maintain the same permeate flux in the first
stage increased by approximately 30 percent. Also, in March 2017, increased pumping of the
western wellfield was initiated after the City began transferring groundwater from the western
wellfield supply to provide water to the East Lime-softening Water Treatment Plant (East WTP).
A raw water pipe runs from the western wellfield, passing the West WTP, until it reaches the East
WTP. The increased pumping of the wellfield appears to have affected the particulate loading rate
onto the cartridge filters (CF) and may contribute to irreversible fouling of the membrane elements.
While the current membranes have been in operation for 17 years and will be replaced in the near
future, it is important to identify and address fouling concerns and water quality changes to protect
the new membranes and ensure the production of high quality supplies throughout the lifespan of
the new elements. Pilot studies were performed to determine the effectiveness of sand filtration in
reducing feedwater turbidity and suspended solids and to assess the impact of the current water
quality on the performance of tail-end element in the first stage.
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Materials and Methods
Sand Filter Evaluation
To assess the effectiveness of sand filtration (SF), as an additional pretreatment step (prior to
cartridge filtration), the performance of a mono-media sand filter pilot was evaluated at the West
WTP. The sand filtration unit, shown in Figure 3-2, was supplied by Tonka Water (now Kurita
America, Minneapolis, MN). The sand filter pilot consisted of three columns each with a maximum
effluent flow rate of 1.5 gpm for a total maximum effluent flow rate of 4.5 gpm, and the media
consisted of silica sand with an effective size of 0.65 – 0.75 mm (uniformity coefficient was less
than 1.6) at a depth of 24-inches. The effectiveness of SF was evaluated with both chemically
treated feed (sulfuric acid and existing SI) and raw feed (no pretreatment chemicals) to determine
placement effects on the pretreatment system.
The columns were backwashed at least every other week or upon a sudden increase in effluent
turbidity based on guidance from the manufacturer. An increase in differential pressure (the
difference in pressure across the SF) can also be used to indicate when backwashing should occur.
It was decided that it would be best to use turbidity measurements due to the lack of changes in
differential pressure and convenience of on-site turbidity measurements.
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Figure 3-2: Sand filtration pilot
NF-SE Pilot First Stage Tail-End Element Performance Evaluation
Testing of an integrated sand filtration, cartridge filtration, and nanofiltration process could not be
accomplished due to scheduling conflicts. The nanofiltration pilot study was performed to evaluate
the impact of the current feedwater quality on the tail-end element of the first stage using an NFsingle element (NF-SE) pilot. The water quality, namely the concentration of total dissolved solids
(TDS), experienced by the tail-end element in the full-scale process was simulated by recycling
some of the concentrate stream to the feed stream. The ROSA (Reverse Osmosis System Analysis
for FilmTecTM Membranes) software was utilized to determine the concentrate recycle flow rate
required to match the full-scale conditions by inputting the raw water quality parameters. In
accordance with the full-scale process, a FilmTecTM NF-90-400 element was utilized in this work
and operated at a recovery of about 14%. The NF-SE pilot was supplied by Harn R/O Systems,
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Inc. (Venice, FL) and is illustrated in Figure 3-3. The flow rate and pressure of each stream (feed,
permeate, and concentrate) was recorded every other day throughout the study.

Figure 3-3: NF-SE unit
Sample Collection and Analysis
Several water quality parameters were monitored regularly during both pilot tests. Turbidity, pH,
temperature, and conductivity were measured every other day throughout the SF and NF
evaluations. Samples were collected and analyzed every two weeks for dissolved organic carbon
(DOC), color (true), UV254, alkalinity, sulfate, chloride, calcium, magnesium, total suspended
solids (TSS), and TDS. Table 3-1 summarizes the different tests performed, test location, methods
used, equipment descriptions, and method detection limits.
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Table 3-1: List of methods and equipment for water quality analyses
Test

Location

Method

Equipment description

Detection Level

Alkalinity

UCF
Laboratory

SM: 2320 B. Titration Method

Sulfuric Acid Burette Titration

5 mg/L as
CaCO3

UCF
Laboratory

SM: 3125 B. Inductively Coupled
Plasma Method

Inductively Coupled Plasma Spectrometer –
Optical Emission Spectroscopy Perkin Elmer
Avio 200

0.01 mg/L

UCF
Laboratory

SM: 4110 B. Ion Chromatography; SM:
4500 B. Argentometric Method

Ion Chromatography - Dionex ICS-1100 with
AS40 Automated Sampler

0.2 mg/L

Conductivity

West WTP

SM: 2510 B. Laboratory Method

Hach HQ40D Conductivity Probe

0.01 µS/cm

Color (True)

UCF
Laboratory

SM: 2120 C. SpectrophotometricSingle-Wavelength Method

HACH DR 2700 Spectrophotometer

1 PtCo

UV254

UCF
Laboratory

SM: 5910 B. Ultraviolet Absorption
Method

HACH DR5000 Spectrophotometer

0.01 cm-1

Turbidity

West WTP

SM: 2130 B. Nephelometric Method

HACH 2100N Laboratory Turbidity Meter

0.01 NTU

pH

West WTP

SM: 4500-H+ B. Electrometric Method

Hach HQ40D pH and Temperature Probe

0.01 pH units

SDI

West WTP

ASTM Standard D4189-07(2014)

Automated SDI/MFI prototype (Harn RO
Systems, Inc.)

-

DOC

UCF
Laboratory

SM: 5130 C. Persulfate-Ultraviolet or
Heated-Persulfate Oxidation Method

Teledyne Tekmar Total Organic Carbon Fusion
UV/Persulfate Analyzer

0.01 mg/L

TDS

UCF
Laboratory

SM: 2540 C. Total Dissolved Solids
Dried at 180 ℃

Mettler Toledo VF0021.04

2.5 mg/L

TSS

UCF
Laboratory

SM: 2540 D. Total Suspended Solids
Dried at 103 - 105 ℃

Mettler Toledo VF0021.04

2.5 mg/L

Calcium
Magnesium
Chloride
Sulfate
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Scanning Electron Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS) with
Superimposed Elemental Imaging® (SEI®)
SEM and EDS with (SEI®) analysis was used to identify and quantify the elemental composition
of foulants collected on cartridge filters from the West WTP and the NF-SE membrane. The
collected sample material was bombarded with electrons from a SU5000 SEM (Hitachi, Tokyo,
Japan) to produce x-rays. The emitter used was a Schottky-type device with a spatial resolution of
2.0 nm at 1 kV and high probe current (>200 mA). The resulting X-rays were then measured by
the XFlash 6-60 dispersive spectrometer (Bruker, Billerica, MA) to acquire the elemental
compositions (EDS spectra) of the foulants. SEI was incorporated into the analysis to visually
distinguish the elemental composition of foulants on the surface by elemental mapping.
Loss on Ignition (LOI) Test
A Loss on Ignition (LOI) test was performed to determine the organic/inorganic content of the
foulant deposit that could be scraped from the surface of the NF-SE membrane with a spatula.
Moisture and volatile compounds are removed by heating the collected foulants at 105 ℃
overnight. Next, the samples are fired at 450 ℃ for 8-hrs to combust the organic materials. The
material is weighed between each step, and the percentages of organics and inorganics are
determined by the loss of mass.
Quality Assurance and Quality Control
The quality of the collected laboratory data was ensured through the implementation of quality
assurance and quality control (QA/QC) measures in accordance with standard guidelines (Baird et
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al., 2017). Laboratory analyses were either replicated or duplicated and spiked on a minimum of
every tenth sample to ensure instrument and technique precision and accuracy.
Accuracy and Precision
The accuracy of a sample set was determined by spike recovery experiments. A known
concentration of an analyte is added to a sample to detect equipment accuracy. An acceptable
percent recovery is within the range of 80 to 120 percent calculated using Equation (2-2) (Baird et
al., 2017).
The precision of a sample was is determined by field duplicates and lab replicates. A field duplicate
sample is the analysis of two independent samples prepared from two separate collections and is
used to check sampling procedure precision. A lab replicate is the analysis of two independent
samples prepared from the same collection which is used to check equipment precision. Precision
of sample collection, handling, and preparation techniques was calculated by relative percent
difference (RPD) and the industrial statistic (I-statistic) shown in Equations (2-3) and (2-4),
respectively. A relative percent difference under 10% is considered acceptable (Baird et al., 2017).
Summary of Laboratory Quality Control
The precision of UV254 and True Color methods are provided in Table 3-2, and the RPD, I-statistic,
and percent recovery of DOC measurements can be found in Table 3-3. Furthermore, RPD, Istatistic, and percent difference calculations are presented in Table 3-4 for chloride and sulfate
measurements and for calcium and magnesium measurements in Table 3-5.
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Table 3-2: SF and NF-SE Pilot UV-254 and True Color QA/QC
Sample ID

Date

UV-254 RPD
(%)

UV-254
I-statistic

Color RPD
(%)

Color
I-statistic

NF Feed

7/23/2019

0

0

0.797

0.0040

Treated Feed

7/30/2019

0.217

0.0011

0

0

Raw

8/21/2019

0.218

0.0011

2.90

0.0145

SF Effluent

9/6/2019

0.226

0.0011

0

0

Raw

9/26/2019

1.73

0.0087

NA

NA

Treated Feed

9/26/2019

0.868

0.0043

0

0

NF Feed

9/26/2019

4.04

0.0202

NA

NA

Permeate

9/26/2019

66.7

0.3333

NA

NA

Concentrate

9/26/2019

5.43

0.0272

NA

NA

SF Influent

9/26/2019

1.45

0.0073

NA

NA

SF Influent

9/27/2019

4.88

0.0244

NA

NA

SF Influent

11/8/2019

0

0

0

0

SF Effluent

12/12/2019

0.909

0.0045

2.35

0.01176

*NA: not analyzed
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Table 3-3: SF and NF-SE Pilot DOC QA/QC
Sample ID

Date

RPD (%)

% Recovery

I-statistic

Permeate

7/18/2019

N/A

95.1

N/A

NF Feed

7/23/2019

0.271

103

0.0014

Treated Feed

7/30/2019

2.49

92.7

0.0125

Raw

8/21/2019

1.05

94.5

0.0052

Treated Feed

9/26/2019

0.051

98.1

0.0003

SF Influent

11/8/2019

1.53

92.7

0.0076

SF Effluent

12/12/2019

0.020

94.5

0.0001

*N/A: not applicable (below detection limit)
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Table 3-4: SF and NF-SE pilot anion QA/QC
Parameter

Sample ID

Date

RPD (%)

% Recovery

I-statistic

Treated Feed

7/18/2019

0.748

90.4

0.0037

Permeate

7/18/2019

0.499

91.0

0.0025

Treated Feed

7/23/2019

0.358

80.7

0.0018

Treated Feed

7/30/2019

0.191

90.6

0.0010

Raw

8/21/2019

0.756

80.5

0.0038

Treated Feed

9/26/2019

0.482

86.7

0.0024

SF Influent

11/8/2019

1.71

87.7

0.0086

SF Effluent

12/12/2019

0.794

111

0.0040

Treated Feed

7/18/2019

0.037

79.2

0.0002

Permeate

7/18/2019

1.45

91.1

0.0073

Treated Feed

7/23/2019

0.162

86.5

0.0008

Treated Feed

7/30/2019

0.274

97.7

0.0014

Raw

8/21/2019

0.947

91.0

0.0047

Treated Feed

9/26/2019

0.019

129

0.0001

SF Influent

11/8/2019

5.42

98.4

0.0271

SF Effluent

12/12/2019

1.47

85.9

0.0073

Chloride

Sulfate

49

Table 3-5: SF and NF-SE pilot metals QA/QC
Parameter

Sample ID

Date

RPD (%)

% Recovery

I-statistic

Treated Feed

7/18/2019

0.545

NA

0.0027

Permeate

7/18/2019

N/A

98.3

N/A

Treated Feed

7/23/2019

0.708

NA

0.0035

Treated Feed

7/30/2019

0.384

88.6

0.0019

Raw

8/21/2019

0.386

NA

0.0019

Treated Feed

9/26/2019

0.062

NA

0.0003

SF Influent

11/8/2019

1.64

NA

0.0082

SF Effluent

12/12/2019

0.321

NA

0.0016

Treated Feed

7/18/2019

0.082

107

0.0004

Permeate

7/18/2019

N/A

43.6

N/A

Treated Feed

7/23/2019

1.85

102

0.0093

Treated Feed

7/30/2019

3.21

115

0.0161

Raw

8/21/2019

7.36

109

0.0368

Treated Feed

9/26/2019

3.03

112

0.0152

SF Influent

11/8/2019

25.1

112

0.1256

SF Effluent

12/12/2019

N/A

94.6

N/A

Calcium

Magnesium

*NA: not analyzed; N/A: not applicable (below detection limit)

50

Results and Discussion
Sand Filtration Assessment
The SF influent and effluent turbidity were measured regularly throughout the pilot study. As
shown in Figure 3-4, SF consistently reduced feed water turbidity regardless of the presence of
pretreatment chemicals as long as routine backwashes were maintained. Figure 3-5 summarizes
the average turbidity values throughout the monitoring period. Sand filtration produced a 78% and
72% decrease in average turbidity for chemically treated (CT) feed and raw feed, respectively.
During the month of October 2019, the SF pilot was operated continuously without backwashing
to determine the maximum amount of time that the unit could achieve a reduction in turbidity. It
was found that the manufacturer’s recommendations were accurate as the effluent turbidity
exceeded the influent turbidity (breakthrough occurred) after about two weeks.

Figure 3-4: SF influent and effluent turbidity over the SF pilot study
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Table 3-6 presents the water quality measurements for both chemically treated and raw feed
conditions. The amount of total suspended solids (TSS) was also quantified (not shown); however,
it was found that the TSS concentration did not exceed 2.5 mg/L (detection limit), which indicates
that particulates enter the West WTP through the raw feed stream intermittently.

Average Turbidity (NTU)

SF Influent

SF Effluent

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Chemically Treated Feed

Raw Feed

Figure 3-5: SF pilot study average turbidity results
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Table 3-6: SF study water quality results
Chemically Treated Feed

Raw Feed

Parameter
SF Influent

SF Effluent

SF Influent

SF Effluent

pH

6.43

6.33

6.86

6.92

Temperature (°C)

25.1

25.3

24.8

25

Conductivity (µS/cm)

635

630

623

612

DOC (mg/L)

10.5

10.4

9.63

9.74

UV-254 (cm-1)

0.451

0.453

0.443

0.449

Color (PtCo)

36

42

39

43

Alkalinity (mg/L as CaCO3)

113

133

219

219

Sulfate (mg/L)

142

145

20.0

20.0

Chloride (mg/L)

38.7

38.7

39.1

38.7

Calcium (mg/L)

97.2

98.2

98.7

97.4

Magnesium (mg/L)

3.74

3.57

0.882

0.429

TDS (mg/L)

408

410

376

367

NF First-Stage Tail-End Element Baseline Performance Evaluation
The NF-SE pilot was operated for 1,562-hrs out of 1,861 total available operating hours,
representing a 16 percent down-time (Figure 3-6). Operating down-time was caused by particulates
plugging the membrane. It is noteworthy to mention that the unit was fed by CF effluent (from CF
Vessel #1) throughout the duration of the pilot study. Table 3-7 details the impact of plugging on
the pressure required to maintain the same recovery. The NF-SE experienced particulate fouling
within 10 days of start-up during which time both the feed and concentrate pressures increased by
66 psi. The element had to be reversed to push out the particulates and restore performance. A
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similar event took place on September 1, 2019, when the feed and concentrate pressures increased
by 132 psi and 128 psi, respectively, before performance was restored by once again reversing the
element. Membrane performance was quantified by specific flux, which is the permeate production
rate normalized by the driving pressure (water MTC). In Figure 3-7, plugging events are apparent

Hours

by a specific flux decline followed by the restoration of performance upon element reversal.
2000
1800
1600
1400
1200
1000
800
600
400
200
0
Total Available
Operating Hours

Total Hours of
Operation

Total Hours of
Down-Time

Figure 3-6: NF-SE pilot operations summary
Table 3-7: NF-SE unit pressure monitoring summary
Date

Feed Pressure (psi)

Concentrate Pressure (psi)

dP (psi)

7/18 – 7/27

80

76

4

7/30 – 8/7

146

142

4

8/8 – 8/31

81

79

2

9/1

213

207

6

9/12 – 9/25

80

77

3

54

0.3

Specific Flux (gfd/psi)

0.25
0.2
0.15
0.1
Element was reversed to
push out foulants

0.05

9/24/2019

9/20/2019

9/16/2019

9/12/2019

9/8/2019

9/4/2019

8/31/2019

8/27/2019

8/23/2019

8/19/2019

8/15/2019

8/11/2019

8/7/2019

8/3/2019

7/30/2019

7/26/2019

7/22/2019

7/18/2019

0

Figure 3-7: NF-SE pilot study performance summary
A summary of the NF-SE water quality and operations data collected in the field is presented in
Table 3-8, and the water quality results under the existing West WTP conditions are given in Table
3-9. Treated Feed refers to the stream that has undergone chemical pretreatment and cartridge
filtration, and the NF Feed stream consists of treated feed plus recycled concentrate to simulate
the feed water quality, approximately 1300 mg/L TDS, seen by the tail-end element.
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Table 3-8: NF-SE pilot on-site water quality monitoring and performance
Parameter

Treated Feed

NF Feed

Permeate

Concentrate

pH

6.47

6.89

5.61

6.83

Temperature (°C)

25.7

26.6

27.5

25.9

Conductivity (µS/cm)

668

2165

44.3

2227

Turbidity (NTU)

0.30

0.51

0.20

1.32

Flow (gpm)

6.31

5.18

0.91

0.22

Pressure (psi)

37.8

95.8

0

92.1

Table 3-9: NF-SE pilot water quality results
Parameter

Treated Feed

NF Feed

Permeate

DOC (mg/L)

10.7

26.3

0.26

27.0

99.0

UV-254 (cm-1)

0.453

1.42

0.003

2.07

99.8

Color (PtCo)

36.8

138

3

186

98.2

Alkalinity
(mg/L as CaCO3)

144

480

13.0

650

97.4

Sulfate (mg/L)

126

441

2.13

558

99.5

Chloride (mg/L)

38.7

117

5.42

154

95.4

Calcium (mg/L)

102

339

1.63

449

99.5

Magnesium (mg/L)

2.96

11.2

0.1

13.8

99.1

TDS (mg/L)

431

1340

59

1740

95.6
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Concentrate Rejection (%)

Well Foulants Identification
Two full-scale cartridge filters, one from CF Vessel #1 and one from CF Vessel #6, and the
membrane from the NF-SE pilot were autopsied by American Water Chemicals, Inc. (AWC).
Table 3-10 summarizes the foulants identified in the three autopsies. SEM and EDS with SEI®
were used to analyze the foulants deposited onto the surface of the plant pre-filters and the NF-SE
membrane. The SEI® results for the CFs and NF-SE membrane are shown in Figure 3-8 and Figure
3-9, respectively. The quantified EDS results corresponding to spectrum 1 in Figure 3-8A, the
boxed regions in Figure 3-8B, and spectrum 2 in Figure 3-9 are presented in Table 3-11. The same
foulants were identified on both filters, and the composition of the foulants on the NF-SE
membrane correlated with some of the deposits identified on the plant CFs. It was noted that the
trace calcium sulfate particles on the membrane likely entered the system as suspended particles,
since calcium sulfate particulates were trapped within the pre-filters (Hernandez, 2019; Hernandez
& Abbas, 2019; Hernandez & Utter, 2019).

Table 3-10: Full-scale CFs and NF-SE membrane autopsy results summary
CF Vessel #1 Filter
•
•
•
•
•
•
•

Limestone (calcium carbonate)
Silts/clays
Iron oxide/hydroxide
Iron disulfide (pyrite)
Calcium phosphate rock
Calcium sulfate
Organic based matter

CF Vessel #6 Filter
•
•
•
•
•
•
•

Limestone (calcium
carbonate)
Silts/clays
Iron oxide/hydroxide
Iron disulfide (pyrite)
Calcium phosphate rock
Calcium sulfate
Organic based matter
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NF-SE Membrane
•
•
•

Silts/clays
Organic based
matter (biofilm)
Calcium sulfate
(as trace particles)

Figure 3-8: SEI® results for A) CF vessel #1 filter depicting silts/clays, pyrite, iron
oxide/hydroxide, calcium phosphate (rock), calcium sulfate, and organic based matter; and for B)
CF vessel #6 filter detailing silts/clays, pyrite, iron oxide/hydroxide, calcium phosphate (rock),
calcium carbonate, and organic based matter

Figure 3-9: SEI® results for the NF-SE membrane showing silts/clays, calcium sulfate, and
organic based matter
Additional analyses were performed on the NF-SE membrane foulant. A Loss on Ignition (LOI)
test was performed to determine the organic and inorganic content of the foulant upon removal of
moisture and volatile components. The LOI results show the foulant consisted of 78% organic
content of foulant and 22% inorganic content (Hernandez & Utter, 2019).
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Table 3-11: Quantified EDS results by atomic percentage
Atomic Percentage (%)
Element
CF Vessel #1

CF Vessel #6

NF-SE Membrane

Carbon

18.9

25.6

49.6

Oxygen

55.2

51.3

40.3

Silicon

22.4

20.8

1.46

Calcium

1.02

0.35

3.08

Iron

0.88

0.79

ND

Sulfur

0.63

0.49

4.80

Aluminum

0.61

0.57

0.12

Phosphorus

0.27

ND

0.07

Chlorine

0.12

0.09

ND

Magnesium

ND

ND

0.18

Sodium

ND

ND

0.36

*ND: not detected
Conclusions
Sand filtration was shown to consistently reduce turbidity at the West WTP regardless of its
placement in the pretreatment process. Additionally, TSS feedwater measurements fell below the
detection limit despite the amount of particulate loading onto the full-scale CFs, which suggests
that particles enter the West WTP intermittently. Furthermore, the NF-SE membrane experienced
two significant increases in pressure due to plugging by particulates from the plant’s CF effluent
within two months of start-up. Identification of foulant deposits on full-scale CFs and the NF-SE
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membrane by SEM and EDS with SEI noted the presence of silts/clays, particulate calcium sulfate,
and organic based matter. Additional foulants were identified on the CFs, but it is noteworthy that
calcium sulfate particles found on the CFs were also found on the NF-SE membrane demonstrating
that some particulates are able to pass through the pre-filters and impact the membrane process.
Although, the viability of the operations sequence of sand filtration, cartridge filtration, and
nanofiltration at the pilot scale could not be determined due to equipment limitations, the findings
strongly suggest that the addition of sand filtration prior to cartridge filtration would reduce
particulate loading onto the CFs and improve the feed quality entering the membrane process by
managing intermittent particulate surges. This research was relied upon by the City to justify
moving forward with a long-term production-scale SF-CF-NF pilot program to obtain design
criteria for the subsequent construction of the recommended SF improvements at the West WTP.
Acknowledgments
The research reported herein was funded, in part, on behalf of the City of Boynton Beach (Florida)
and Globaltech (Boca Raton, FL) for funding this work (Project No. 1620-8233). We are thankful
for the assistance of the operations staff located at the City’s West Nanofiltration WTP. Additional
funding was provided by UCF’s Research Foundation’s Jones Edmunds Fund 1620-8A22. The
contributions of students in the Civil, Environmental and Construction Engineering Department’s
Water Quality Engineering Research Group, who assisted in field work, were greatly appreciated.
The opinions and findings expressed in this research are those of the authors and do not necessarily
reflect the view of UCF (Orlando, FL), its Board of Governors, or its Research Foundation.

60

References
Al-Amoudi, A. S. (2010). Factors affecting natural organic matter (NOM) and scaling fouling in
NF membranes: A review. Desalination, 259(1-3), 1-10.
AWWA. (2007). Reverse Osmosis and Nanofiltration. In AWWA Manual M46. Denver:
American Water Works Association.
Baird, R. B., Eaton, A. D., & Rice, E. W. (2017). Standard Methods for the Examination of Water and
Wastewater (23rd ed.). Washington D. C. American Public Health Association.

Chaabane, T., Taha, S., Ameraoui, N., Dorange, G., & Maachi, R. (2004). Contribution to the
comprehension of the calcium ions transfer phenomena through a nanofiltration spiral
wound membrane. Desalination, 167(1-3), 361-368.
Conlon, W. J. & McClellan, S. A. (1989). Membrane Softening - a Treatment Process Comes of
Age. Journal American Water Works Association, 81(11), 47-51.
Duranceau, S. J. & Taylor, J. S. (2011). Chapter 11 Membrane Processes. In J. K. Edzwald (Ed.),
Water Quality and Treatment (6th ed., pp. 11-1-11-106). New York: McGraw-Hill.
Filho, G. R., Ribeiro, S. D., Meireles, C. d. S., da Silva, L. G., Ruggiero, R., Ferreira Junior, M.
F., Polleto, P. (2011). Release of doxycycline through cellulose acetate symmetric and
asymmetric membranes produced from recycled agroindustrial residue: Sugarcane
bagasse. Industrial Crops and Products, 33, 566-571.
Guo, Y., Li, T. Y., Xiao, K., Wang, X. M., & Xie, Y. F. F. (2020). Key foulants and their
interactive effect in organic fouling of nanofiltration membranes. Journal of Membrane
Science, 610.
Hernandez, J. (2019). Electron Microscopy and X-Ray Spectroscopy Analysis: Cartridge Filter
#6. Retrieved from Plant City, FL:
Hernandez, J. & Abbas, V. (2019). Electron Microscopy and X-Ray Spectroscopy Analysis:
Cartridge Filter #1. Retrieved from Plant City, FL:
Hernandez, J. & Utter, J. (2019). Analytical Testing Report for Boynton Beach. Retrieved from
Plant City, FL:
Hilal, N., Al-Zoubi, H., Darwish, N. A., Mohammad, A. W., & Abu Arabi, M. (2004). A
comprehensive review of nanofiltration membranes: Treatment, pretreatment, modelling,
and atomic force microscopy. Desalination, 170(3), 281-308.

61

Hoek, E. M. V., Kim, A. S., & Elimelech, M. (2002). Influence of crossflow membrane filter
geometry and shear rate on colloidal fouling in reverse osmosis and nanofiltration
separations. Environmental Engineering Science, 19(6), 357-372.
Howe, K. J., Hand, D. W., Crittenden, J. C., Trussell, R. R., & Tchobanoglous, G. (2012a).
Chapter 8: Membrane Filtration. In Principles of Water Treatment (pp. 281-326).
Hoboken, NJ: John Wiley & Sons, Inc.
Howe, K. J., Hand, D. W., Crittenden, J. C., Trussell, R. R., & Tchobanoglous, G. (2012b).
Chapter 9: Reverse Osmosis. In Principles of Water Treatment (pp. 327-368). Hoboken,
NJ: John Wiley & Sons, Inc.
Jeong, S., Kim, S. J., Kim, L. H., Shin, M. S., Vigneswaran, S., Nguyen, T. V., & Kim, I. S.
(2013). Foulant analysis of a reverse osmosis membrane used pretreated seawater.
Journal of Membrane Science, 428, 434-444.
Kowalski, K. P., Madsen, H. T., & Sogaard, E. G. (2014). Comparison of sand and membrane
filtration as non-chemical pre-treatment strategies for pesticide removal with
nanofiltration/low pressure reverse osmosis membranes. Water Science & Technology:
Water Supply, 14(4), 532-539.
Marinas, B. J. & Urama, R. I. (1996). Modeling concentration polarization in reverse osmosis
spiral-wound elements. Journal of Environmental Engineering, 122(4), 292-298.
Missimer, T. M. (1994). Water Supply Development for Membrane Water Treatment Facilities.
Boca Raton, FL: Lewis Publishers.
Tan, L. & Sudak, R. G. (1992). Removing Color from a Groundwater Source. Journal American
Water Works Association, 84(1), 79-87.
Taylor, J. S., Thompson, D. M., & Carswell, J. K. (1987). Applying membrane processes to
groundwater sources for trihalomethane precursor control. Journal American Water
Works Association, 79(8), 72-82.
Van der Bruggen, B. & Vandecasteele, C. (2003). Removal of pollutants from surface water and
groundwater by nanofiltration: overview of possible applications in the drinking water
industry. Environmental Pollutants, 122(3), 435-445.
Wilf, M., Awerbuch, L., Bartels, C., Mickley, M., Pearce, G., & Voutchkov, N. (2011). The
Guidebook to Membrane Desalination Technology: Reverse Osmosis, Nanofiltration and
Hybrid Systems Process, Design, Applications and Economics (Balaban Desalination
Publications Ed. 1st ed.). Hopkinton, MA: Desalinations Publications.
Zhao, Y. & Taylor, J. S. (2005). Incorporation of osmotic pressure in an integrated incremental
model for predicting RO or NF permeate concentration. Desalination, 174(2), 145-159.
62

Xu, P., Cath, T. Y., Robertson, A. P., Reinhard, M., Leckie, J. O., & Drewes, J. E. (2013). Critical
Review of Desalination Concentrate Management, Treatment and Beneficial Use.
Environmental Engineering Science, 30(8), 502-514.

63

NANOMETER AND MICROMETER PARTICLE
OCCURRENCE IN THE FEED-CONCENTRATE CHANNELS OF A
NANOFILTRATION MEMBRANE PROCESS
The following information has been accepted for publication in the peer reviewed journal
Desalination and Water Treatment:
Powell, C. & Duranceau, S. J. (2021). Nanometer and Micrometer Particle Occurrence in the FeedConcentrate Channels of a Nanofiltration Membrane Process. Desalination & Water Treatment.
Abstract
The occurrence of submicron and micron-ranged particles in the feed-concentrate channels of an
operating, production-capacity nanofiltration (NF) membrane process was investigated in this
work. Nanoparticle tracking analysis and single particle optical sensing technologies were utilized
to evaluate the size (average diameter), distribution, and concentration of particles in the feed,
interstage, and concentrate streams of a NF membrane process. Particles ranging between 50
nanometers (nm) and 70 micrometers (µm) were detected in the NF membrane feed-concentrate
channel, and most of the particles identified had an average diameter of less than 1-µm. Submicron
particle content averaged 64 million particles per milliliter (/mL), 47 million particles/mL, and 3.5
million particles/mL in the feed, interstage, and concentrate streams, respectively. The
concentration of particles less than 500-nm exceeded those greater than 500-nm by at least one
order of magnitude. However, the less abundant microparticles occupied more of the volume
within the feed-concentrate channel than the more concentrated submicron particles. The presence
of particles larger than 5.0 microns, which is the nominal rating of the cartridge filters used in the
plant’s pretreatment process, were identified in each stream, some of which were on the order of
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30 to 70 microns. Energy-dispersive x-ray spectroscopy was utilized to analyze the particles
retained after filtering 20-liters of the feed, interstage, and concentrate streams through 0.2-micron
rated 47-millimeter silver membranes. The results revealed deposits of calcium carbonate,
elemental sulfur, and silts/clays in each stream; however, deposits of organic-based matter were
mainly identified in the interstage and concentrate streams.
Keywords: nanometer, micrometer, particles, nanofiltration, feed-concentrate channel, single
particle optical sensing, light-obscuration, nanoparticle tracking analysis
Introduction
It is well known that nanoparticles (NPs) from both natural and anthropogenic sources have been
detected in the environment, primarily in surface water supplies (Griffin et al., 2017; Hartland et
al., 2013; Tiede et al., 2016; Westerhoff et al., 2018; Wigginton et al., 2007). The term
‘nanoparticle’ describes a subset of colloidal particles between 1 and 100 nanometers that typically
possess a negative electrostatic surface charge (Hartland et al., 2013; Hochella, 2002; Tipping &
Higgins, 1982). NPs occur in various compositions and conformations and usually have large
specific surface areas (Lead & Wilkinson, 2006). Naturally occurring NPs (NNPs) arise from
various sources, such as mineral weathering, and are prevalent in natural environments including
ground waters and surface waters which supply drinking water treatment plants (WTPs)
(Wigginton et al., 2007). Drinking water itself has been found to contain polydisperse nanoscopic
and microscopic solid and colloidal materials of irregular shape, often comprised of calcium
carbonate and calcium sulfate (Griffin et al., 2017; Tangaa et al., 2016).
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Anthropogenic nanoparticles (ANPs) have also been detected in potable water sources; however,
they are predicted to occur at significantly lower concentrations than NNPs based on empirical
and mechanistic modelling of surface waters (Tiede et al., 2016; Westerhoff et al., 2018). ANPs
can enter aquatic environments through their use in products and industrial applications (Good et
al., 2016; Tangaa et al., 2016; Troester et al., 2016; Zhang et al., 2019). Although low levels of
microplastics have been detected in some karst aquifers and springs (Panno et al., 2019), it is
generally acknowledged that non-karst groundwater supplies are predominantly absent of ANPs
(Mintenig et al., 2019; Troester et al., 2016).
The removal of NPs, particularly ANPs, in water treatment has been the focus of several studies
due to concern about the potential toxicity of certain manufactured NPs. Although ANPs are
present in low concentrations, their increasing use in products and applications will likely result in
greater concentrations of manufactured NPs in surface water WTP supplies (Good et al., 2016;
Sousa & Teixeira, 2020; Troester et al., 2016). At the time of this writing, the U.S. EPA has no
monitoring guidelines for drinking WTPs on nanomaterials. Elements found in some ANPs are
subject to regulatory limits; although, the maximum contaminant levels are far greater than the
predicted concentrations of these types of particles (Tiede et al., 2016; Westerhoff et al., 2018).
Nanofiltration is a membrane liquid separation technology engineered for use in water treatment
and has similar properties to reverse osmosis (RO) in that diffusion, electrostatic repulsion, and
size exclusion are the principal mechanisms for solute separation (Bowen & Mukhtar, 1996;
Chaabane et al., 2007; Duranceau, 2009; Duranceau & Taylor, 2011; Duranceau et al., 1992; Garba
et al., 1999; Jeffery-Black & Duranceau, 2016; Kedem & Katchalsky, 1958, 1963; Marinas &
Urama, 1996; Taylor et al., 1994; Wesolowska et al., 2004; Wiimans & Baker, 1995). NF
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membranes are typically configured as spiral-wound, thin-film composite modules; are operated
at lower feed pressures than RO; and offer selective solute rejection based on both size and charge.
They are often referred to as ‘membrane softening’ technologies for their ability to effectively
remove calcium and magnesium hardness, as well as color, synthetic organic chemicals, and
disinfection by-product precursors (natural organic matter) (Duranceau & Taylor, 2011;
Duranceau et al., 1992; Taylor et al., 1994; Van der Bruggen & Vandecasteele, 2003).
As water flows across the membrane channels, dissolved solids are rejected, and a boundary layer
forms near the membrane surface in which the dissolved solids concentrations exceeds the content
in the bulk solution. To keep the membrane leaves separated and allow water to flow through the
channel, a spacer net is inserted to promote turbulence and reduce the foulants that build up on the
membrane surface (Gao et al., 2013; Geraldes et al., 2002; Vrouwenvelder et al., 2009). Colloidal
matter that can pass through the 5-µm nominal-rated polypropylene cartridge filters, which are
typically used in the pretreatment process, has been shown to deposit onto the membrane surface
(Radu et al., 2014; Tang et al., 2011; Yiantsios et al., 2005).
It has been demonstrated that NPs are removed from drinking water supplies using synthetic
nanofiltration (NF) membranes (Abbott Chalew et al., 2013; Ladner et al., 2012; Sousa & Teixeira,
2015; Van Koetsem et al., 2017). NPs that are present in the feed-concentrate stream cannot pass
through the membrane as they are not dissolved, unlike soluble matter that can permeate based on
diffusion due to a concentration gradient. For example, Sousa and Teixeira (2015) determined that
NF membranes completely removed particulate NPs, along with 92% of dissolved silver (Ag) ions
released from particulate Ag NPs under laboratory conditions. Ionic strength, natural organic
matter (NOM), and surface chemistry were shown to influence the removal of the dissolved Ag
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NPs (Sousa & Teixeira, 2015). An investigation by Van Koetsem et al. (2017) corroborated the
ability of membranes to remove NPs when the effective pore size exceeded the size of the ANP.
Others have shown complete removal of NPs using NF membranes under lab and bench-scale
conditions (Bowen & Mukhtar, 1996; Fang & Duranceau, 2013; Van der Bruggen &
Vandecasteele, 2003). Furthermore, Fang and Duranceau (2013) studied the impact of
nanoparticles and surface morphology on RO and NF membrane productivity in bench-scale
experiments and found that NPs can be trapped within the ridge-and-valley morphology of PA
membranes which causes a resistance to flow.
Several studies have investigated the impact of hydraulic conditions and feed channel spacer
geometry, orientation, and type on particle deposition (Ahmad et al., 2005; Bucs et al., 2015;
Guillen & Hoek, 2009; Li et al., 2002; Neal et al., 2003; Radu et al., 2014; Schwinge et al., 2004);
however, it does not appear that any studies have been performed that provide insight into the
occurrence of particles of any size range in NF feed-concentrate channels. The objective of this
research was to determine the size distribution and concentration of submicron particles and
microparticles in the feed-concentrate channel of an operating NF membrane process. The
collected information regarding particle occurrence may provide additional insight into feedconcentrate channel dynamics and a greater understanding of how to best identify and diagnose
the limitations of pretreatment and subsequent impacts on NF WTP process operations.

68

Experimental Methods
Nanofiltration Water Treatment Plant Description
Samples were collected from the feed, interstage, and concentrate streams (aqueous and filtered
solids) of a full-scale nanofiltration membrane process at the City of Boynton Beach’s (City’s)
West WTP. The City’s WTP can produce up to 8.7 million gallons per day (MGD) of treated water
(permeate) and is supplied by ten groundwater wells in proximity to the facility. Pretreatment for
the NF membrane process consists of pH acidification with sulfuric acid, scale inhibitor addition,
and cartridge filtration (CF) using string-wound 5-μm (nominal) rated filter elements. The
nanofiltration membrane process configuration consists of six, two-stage membrane skids in
parallel with six elements per pressure vessel. Dow NF 90-400 membranes are loaded in the first
stage, and Dow NF 270-400 membranes are utilized in the second stage. Each train has a
production capacity of 1.45 MGD, and the process operates at a recovery of 85%. Approximately
1.6 mg/L of NALCOTM PC-1850T scale inhibitor (1601 W. Diehl Road, Naperville, IL 605631198) with patented fluorescent tracking capabilities is added prior to membrane treatment to
prevent the scaling of sparingly soluble salts in the concentrate channel that would otherwise foul
the membrane surface. Typical water quality for the NF feed, interstage, and concentrate streams
is presented in Table 4-1.
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Table 4-1: NF process feed and concentrate average water quality
Parameter

Feed (mg/L)

Interstage (mg/L)

Concentrate (mg/L)

Barium (Ba)

0.02

0.05

0.10

Calcium (Ca)

94.0

248

443

Magnesium (Mg)

2.40

2.90

5.40

Sodium (Na)

25.8

65.3

91.4

Strontium (Sr)

1.10

2.90

5.40

Bicarbonate (HCO3)

228

596

977

Sulfate (SO4)

57.8

154

375

Chloride (Cl)

39.0

98.2

117

Silicon Dioxide (SiO2)

13.4

34.8

46.2

Total Dissolved Solids (TDS)

464

1,210

2,080

pH

6.8

7.2

7.3

Sample Collection and Analysis
To assess the size and number of particles that occur in the membrane feed-concentrate channel,
multiple 125-mL samples were collected from the NF process feed, interstage, and concentrate
streams and submitted for particle size distribution analysis. Permeate water was not subject to
analysis as particulate NPs do not permeate NF membranes. In addition, a pressure-controlled
filtration apparatus commonly used to collect silt density index measurements was modified to
filter 20-L of feed, interstage, and concentrate process streams to capture suspended material.
Samples were filtered using 47-millimeter, 0.2-micron rated silver membrane filter pads
(Sterlitech, Kent, WA).
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The ability to access commercially available technologies to identify submicron particle size
distribution tracking technologies and other sophisticated analytical equipment has expanded in
recent years. Two technologies were utilized in this study to collect information on aqueous
process streams: (1) nanoparticle tracking analysis (NTA); and (2) single particle optical sensing
(SPOS). To analyze filtered solids collected on the silver membrane filter pads, scanning electron
microscopy (SEM) using energy dispersive x-ray spectroscopy (EDS) and superimposed elemental
imaging® (SEI®) was employed.
Nanoparticle Tracking Analysis (NTA)
The average diameter and concentration of submicron particles in the samples collected from the
West WTP was determined using the NanoSight NS300 (Malvern Panalytical, Grovewood Rd,
Enigma Business Park, Malvern WR14 1XZ). Nanoparticle tracking analysis (NTA) technology
utilizes light scattering and Brownian motion to generate high-resolution particle size distributions
on a number-weighted basis for nano-sized materials in an aqueous medium within a specialized
cell. In NTA, particles in an aqueous medium are illuminated through their interaction with a
highly focused laser, by scattering incident light, as points of light moving under Brownian motion.
Smaller particles move more quickly than larger particles and scatter less light. A camera mounted
to a 20x magnification microscope is used to visualize the particles and track the movement of
each particle over time to determine the diffusional rate. From the diffusional rate, the
hydrodynamic diameter of each particle is quantified by the Stokes-Einstein equation using the
NanoSight NTA analytical software to produce a high-resolution particle size distribution (Xu,
2015). The known cell volume and the individual tracking of each particle allow for the
simultaneous determination of particle concentration.
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Ten, 5-minute measurements were recorded for each sample. The NanoSight NS300 has an
approximate (sample dependent) working range of 30 to 1,000 nm and an optimum particle
concentration of approximately 106 to 109 particles/mL. The instrument conformed to the 2018
ASTM E2834-12 (ASTM, 2018) and is equipped with the manufacturer’s concentration
measurement upgrade; however, the accuracy of the concentration measurement cannot be verified
as no NIST traceable particle concentration reference material is available at this time. The
temperature of the sample was kept constant at 25ᵒC. Table 4-2 details the specifications for the
NanoSight NS300.
Table 4-2: NanoSight NS300 specifications
Characteristic

Value

Analysis Range

30 nm – 1 µm

Concentration Range

106 – 109 particles/mL

Single Particle Optical Sensing
The size distribution and concentration for particles in samples collected from the feed, interstage,
and concentrate streams ranging from 0.5-µm to 400-µm was generated using the AccuSizer
A7000 AD equipped with the LE400 sensor (Particulate Sensors Ltd., Clavering House, Clavering
Place, Newcastle-upon-Tyne, NE1 3NG). SPOS technology utilizes two physical principles of
detection depending on particle size: light obscuration for particles larger than 1.5-µm and light
scattering for particles smaller than 1.5-µm. A dilute suspension of particles is passed through a
region of uniform illumination produced by a laser diode. Particles greater the 1.5-µm are detected
by the amount of light they obscure to the extinction detector, while particles less than 1.5-µm are
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detected by the intensity of light scattered at a range of angles towards a separate detector. In light
scattering, the particle size is quantified by comparing the pulse heights to a calibration curve
generated with standard reference materials of known size on the basis of circular equivalent
diameter (Tolla & Boldridge, 2010).
SPOS data can be reported in two formats: number-weighted differential frequency (count or
frequency) and volume-weighted percentage. The instrument conformed to the International
Organization for Standardization (ISO) 21501-2:2019 and ISO 21501-3:2019 determination of
particle size distribution guidelines (ISO, 2019a, 2019b).
Scanning Electron Microscopy, Energy-Dispersive Spectroscopy, and Superimposed Elemental
Imaging®
SEM together with EDS and SEI® analysis was used to identify and quantify the elemental
composition of solids collected on 0.2-micron, 47-millimeter silver membranes after filtering 20L of feed, interstage, and concentrate. EDS analysis is generally performed together with electron
microscopy to identify and quantify the elemental composition of a sample surface. The sample
material is bombarded with electrons from an SEM which produce X-rays. The produced X-rays
are then measured by an X-ray dispersive spectrometer. Every chemical element has its own
characteristic wavelength by which it can be identified. SEI® is an x-ray excitation spectrum-based
analysis with corresponding layered images showing the composition of specific inorganic
particles.
The collected sample material was bombarded with electrons from a SU5000 SEM (Hitachi,
Chiyoda, Tokyo, Japan) to produce x-rays. The emitter used was a Schottky-type device with a
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spatial resolution of 2.0 nm at 1 kV and high probe current (>200 mA). The resulting X-rays were
then measured by the XFlash 6-60 dispersive spectrometer (Bruker, Billerica, MA) to acquire the
elemental compositions (EDS spectra) of the samples. EDS spectra were collected on the filtered
solids at each process location and quantified by atomic percentage. SEI® was incorporated into
the analysis to visually distinguish the elemental composition of each compound on the surface by
elemental mapping to enhance the findings from EDS to identify the chemical compositions of
suspended solids, foulants and scales on the silver filter pad surfaces.
Results and Discussion
Submicron Particle Observations by NTA
NTA data was collected for the NF feed, interstage, and concentrate process streams between
December 2020 and April 2021. Due to the ability to track individual particles, the NTA instrument
produces a number-weighted distribution in which each particle has an equal weighting once the
final distribution is generated. For example, one particle at 100 nm will have just as much impact
on the number-weighted distribution as one particle at 1,000 nm. Since the volume of sample used
is also known, sample concentration can be measured. To reduce the variances that may occur in
samples that have low particle concentrations, at least ten reads for each sample were performed.
Table 4-3 provides information regarding the concentration of submicron particles for each of the
three sampling locations. The number of particles in the feed-concentrate streams are on the order
of a million particles/mL, and the quantities vary both in location and time indicating the dynamic
nature of the flow across the membrane surface for this feedwater supply. However, the particle
concentrations in the NF concentrate among the sampling events were comparable in contrast to
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the fluctuations observed among the concentrations in the feed and interstage streams. Although
the amount of naturally-occurring nanoparticles present in groundwater supplies has not been fully
studied nor reported (Westerhoff et al., 2018), the results collected in this work appear reasonable
according to Filella and colleagues (2009) who found between 2 and 12 million particles/mL
ranging between 100-nm and 2-µm in water percolating through a geologic system. Also, research
by Schiperski and colleagues (2015) appeared to provide comparable results as they identified
millions of particles/mL ranging between 0.5- and 150-µm at a karst spring during a snowmelt
event.
Table 4-3: NTA particle concentration summary
Sample Date
(Month & Year)

Feed
(particles/mL)

Interstage
(particles/mL)

Concentrate
(particles/mL)

December 2020

4.75 (10E6)

4.95 (10E6)

2.84 (10E6)

January 2021

6.21 (10E6)

1.78 (10E8)

3.69 (10E6)

February 2021

2.40 (10E8)

2.11 (10E6)

3.46 (10E6)

April 2021

2.90 (10E6)

3.76 (10E6)

3.83 (10E6)

Mean

6.35 (10E7)

4.72 (10E7)

3.46 (10E6)

Standard Deviation

1.98 (10E7)

1.01 (10E7)

7.05 (10E5)

Figure 4-1 depicts an example of the NTA graphical results, presented as an overlay of the multiple
measurements, showing the distribution by average diameter of submicron particles x E5/mL in
the sample collected from the feed stream in January 2021. For this sample, the particles ranged
in size from approximately 50 to 500 nm with a mean of 180 nm (Table 4-4). The samples varied
in content (particles/mL) and size (nm) for each data collection event and by sample location.
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Despite variation among the samples, the overall data indicated that the average size of submicron
particles fell within a narrow range, approximately 185 nm +/- 27 nm. Figure 4-2 illustrates the
averaged results of the measurements shown in Figure 4-1 with the red shading indicating (+/-)
one standard error of the mean, which can be found in Table 4-4. The shaded region illustrates the
variance within the data set by size.

Figure 4-1: Particle content (particles x E5/mL) as a function of size (nm) for feed sample
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Figure 4-2: Particle content (particles x E4/mL) as a function of size (nm) for feed sample
Table 4-4 provides a summary of the results for the NTA evaluation of the overall statistical data
set obtained in this evaluation. The information is presented in terms of particle size, plus (+) or
minus (-) the standard error for each date samples were collected and analyzed. Specific data
collected and presented include the mean, standard deviation, and the point on the distribution
curve below which 10, 50, and 90 percent of the particles fall within each analysis. These results
correspond to the findings of Brant and colleagues (2011) investigating the occurrence and
composition of particulates in conventional filter process streams. It was shown based on a mass
basis, inorganic and organic materials in the filter effluent streams were present as particles with
diameters between 30- and 450-nm, regardless of whether direct or conventional filtration was
used (Brant et al., 2011).
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Table 4-4: NTA statistical data summary by sample date
Sample Date
(Month & Year)

December 2020

January 2021

February 2021

April 2021

Parameter

Feed
(nm)

Interstage
(nm)

Concentrate
(nm)

Mean

193 ± 13

107 ± 12

148 ± 20

Standard Deviation

63.0 ± 22

19.3 ± 5.7

29.9 ± 3.4

d10

98.1 ± 31

87.5 ± 8.1

116 ± 21

d50

189 ± 11

101 ± 11

152 ± 23

d90

253 ± 36

138 ± 19

177 ± 21

Mean

180 ± 12

168 ± 39

197 ± 16

Standard Deviation

50.2 ± 9.2

98.4 ± 31

71.9 ± 17

d10

123 ± 7.7

70.3 ± 13

105 ± 13

d50

166 ± 11

137 ± 30

182 ± 14

d90

252 ± 23

299 ± 77

284 ± 37

Mean

173 ± 22

170 ± 10

202 ± 43

Standard Deviation

59.5 ± 15

26.1 ± 11

99.4 ± 22

d10

105 ± 14

124 ± 21

87.6 ± 26

d50

168 ± 25

197 ± 10

207 ± 67

d90

253 ± 43

200 ± 22

323 ± 59

Mean

248 ± 59

231 ± 35

207 ± 45

Standard Deviation

66.3 ± 25

71.6 ± 17

81.1 ± 23

d10

168 ± 43

135 ± 18

122 ± 31

d50

246 ± 65

253 ± 44

188 ± 48

d90

308 ± 75

301 ± 46

315 ± 68

Microparticle Examination by SPOS
SPOS data was also collected for NF feed, interstage, and concentrate process streams between
December 2020 and April 2021 and analyzed by a particle counter capable of determining both

78

particle size and concentration of suspensions. The SPOS analyzer had a detection range of 0.5
µm to 400 µm, and the data is presented on the basis of circular equivalent diameter. Since SPOS
analyzers generate an intensity-weighted distribution (true particle counters), the particle size
distributions are reported in two formats- number (frequency) and volume. Table 4-5 provides the
particle concentrations greater than or equal to 0.5 micrometers in each stream in number of
particles per milliliter (mL). The concentration of microscale particles in the feed-concentrate
streams determined by SPOS was less than the reported concentrations of submicron particles,
specifically particles ranging from 50 nm to 500 nm, from NTA. The quantities differ both in
sample location and in time (sampling event) indicating the dynamic nature of the feed water
supplied by groundwater wells and the flow across the NF membrane surface.
Table 4-5: SPOS particle concentration summary
Sample Date
(Month & Year)

Feed
(particles/mL)

Interstage
(particles/mL)

Concentrate
(particles/mL)

December 2020

1.02 (10E5)

4.67 (10E4)

1.56 (10E5)

January 2021

1.47 (10E5)

1.43 (10E5)

1.85 (10E5)

February 2021

1.44 (10E5)

3.53 (10E4)

2.53 (10E5)

April 2021

1.13 (10E5)

1.51 (10E5)

1.23 (10E5)

Mean

1.27 (10E5)

9.40 (10E4)

1.79 (10E5)

Standard Deviation

2.24 (10E4)

6.15 (10E4)

5.53 (10E4)

Figure 4-3 depicts the number-weighted differential frequency histogram generated from the
February 2021 interstage stream sample. This graph reveals the percentage of particles detected
versus the size of the particles detected, on a log scale, where each particle has equal weighting.
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Furthermore, the number-weighted particle distribution histogram presented in Figure 4-3 for the
interstage stream was representative of the number-weighted distributions observed for each
location throughout the different sampling events in that the majority of particles identified had an
average diameter of less than 1 micron.

Figure 4-3: Number-weighted differential frequency histogram versus particle size (μm) for the
interstage stream (Feb.2021)
Figure 4-4 provides the differential-volume percentage graph detailing the SPOS results of the
sample collected from the interstage stream in February 2021. The volume data is generated based
on the assumption that each particle is spherical. Since the volume of a particle increases
proportionally to the diameter cubed, the volume data are inherently weighted towards the larger
particles and better represent where the bulk or mass of the system lies. For example, roughly one
million, 1-μm particles contribute the same volume percentage as one, 100-μm particle. Unlike the
number-weighted distribution which is heavily skewed to the smaller more abundant particles, the
volume-weighted distribution is skewed to the less abundant microscale particles; therefore, the

80

larger particles occupy noticeably more of the volume within the feed-concentrate channel than
the submicron particles (< 1.0-µm).

Figure 4-4: Differential volume-weighted percentage of particles versus size (μm) for the
interstage stream (Feb.2021)
Table 4-6 presents the results of particle size measurements for the particle distributions identified
by SPOS ranging between 0.5 µm and 400 µm. Overall, the average particle sizes determined from
the number-weighted distribution for each location were skewed towards the lower end of the
detection limit, while the average sizes found from the volume-weighted distributions were
noticeably larger. When considering the average results from both distributions, it was discovered
that the average size of the particles in each of the three locations was similar for the numberweighted distributions; however, the average size of the interstage particles in the volumeweighted distribution was found to be smaller than those in the feed and concentrate streams.
Although, it is important to note the measurements varied for each location both within a single
data set and over the four data sets collected in this study.
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Table 4-6: Number-weighted and volume-weighted mean particle size by SPOS
Sample Date
(Month & Year)
December 2020

January 2021

February 2021

April 2021

Total

Mean

Feed

Interstage

Concentrate

Number Weighted (µm)

0.82 ± 0.43

0.85 ± 0.63

0.76 ± 0.37

Volume Weighted (µm)

13.4 ± 13.7

11.6 ± 9.27

34.4 ± 29.6

Number Weighted (µm)

0.72 ± 0.42

0.69 ± 0.27

0.71 ± 0.42

Volume Weighted (µm)

97.8 ± 48.0

11.8 ± 10.0

67.4 ± 33.0

Number Weighted (µm)

0.66 ± 0.34

0.68 ± 0.62

0.60 ± 0.28

Volume Weighted (µm)

26.9 ± 20.1

22.8 ± 14.9

23.1 ± 14.8

Number Weighted (µm)

0.67 ± 0.44

0.66 ± 0.32

0.73 ± 0.44

Volume Weighted (µm)

36.7 ± 21.8

21.2 ± 14.1

41.4 ± 27.9

Number Weighted (µm)

0.72 ± 0.41

0.72 ± 0.46

0.70 ± 0.37

Volume Weighted (µm)

43.7 ± 25.9

16.9 ± 12.1

41.6 ± 26.3

Process Bulk Stream Solids Identification
The use of SEM and EDS with SEI techniques allowed for the identification of inorganic and
organic solids that occur within the feed-concentrate channels of an NF membrane process. The
silver membrane filters used to collect the suspended solids, shown in Figure 4-5. Visual inspection
of the membranes suggests that the composition of the foulants filtered from each stream is
different as the three surfaces appear to have distinct coloring.
EDS spectra outputs from the analysis of the samples collected from the NF feed, interstage, and
concentrate streams are presented in Table 4-7 and Figure 4-6. Figure 4-7, Figure 4-8, and Figure
4-9 present the elemental maps of the collected particles in the form of SEI® for the feed, interstage,
and concentrate streams, respectively. These results represent the composition of particles detected
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in the feed-concentrate channels. Particles from the feed stream predominantly consisted of
calcium carbonate, elemental sulfur, and silts/clays. Particles in the interstage and concentrate
streams were comprised of organic based matter, calcium carbonate, elemental sulfur, and
silts/clays. Particle composition appears to agree with the findings of Kaegi and colleagues (2008).

Figure 4-5: NF feed (left), interstage (center) and concentrate (right) collected deposits
Table 4-7: Quantified EDS results by atomic percentage
Atomic Percentage (%)
Element
Feed

Interstage

Concentrate

Carbon

5.14

2.25

7.61

Oxygen

52.6

53.0

52.8

Silicon

9.65

20.9

20.7

Calcium

7.49

< 0.2

3.91

Silver

23.5

22.1

11.6

Sulfur

1.73

1.72

0.81

Aluminum

< 0.2

ND

2.54

Phosphorus

ND

ND

< 0.2

*ND: not detected
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(a)

(b)
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(c)
Figure 4-6: EDS composition of (a) feed water, (b) interstage and (c) concentrate particles

Figure 4-7: SEI® image of particles in the feed stream consisting of calcium carbonate and
elemental sulfur
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Figure 4-8: SEI® image of particles in the interstage stream consisting of organic based matter,
elemental sulfur, calcium carbonate, and silts/clays

Figure 4-9: SEI® image of particles in the concentrate stream consisting of calcium carbonate
and silts/clays
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Occurrence of Organic and Inorganic Colloids and Particulates
In-situ microscopic observations have been used in prior investigations on particle deposition, in
addition to organic and biofilm monitoring, but have been primarily limited to laboratory-scale
experiments. The results indicate that a wide range of particulates, in terms of both size and
composition, flow across membrane surfaces which would demonstrate that studies that relied on
particles of a specific size and type, such as the work performed by Neal and colleagues (2003),
may not reflect conditions found in practice. Chemical analyses of the full-scale NF bulk feed,
interstage, and concentrate streams revealed the presence of organic and inorganic colloids.
Colloidal matter refers to mixtures in which microscopically dispersed insoluble particles of one
substance are dispersed in another substance. The size of the suspended particles in a colloid can
range from 1 to 1,000 nanometers, and the deposition of these colloidal particles on an RO or NF
membrane is believed to form a cake layer, which can adversely affect the membrane flux
(Duranceau & Taylor, 2011; Tang et al., 2011). Natural organic matter has been shown to at times
appear colloidal and foul membranes as higher concentrations of organic carbon are present in the
concentrate (Hong & Elimelech, 1997; Tang et al., 2011).
These findings are supported by results from a previous study performed on a membrane element
taken from a pilot study at the City’s West WTP on October 24, 2019, prior to the bulk stream
filtering sample events (Hernandez & Utter, 2019). The foulant on the element’s surface was found
to consist of silts/clays, calcium sulfate, and organic based matter using SEM and EDS along with
Fourier transform infrared (FTIR) spectroscopy. Loss on ignition results indicated that the foulant
deposit consisted of approximately 78 percent organic content and 22 percent inorganic matter.
Analysis of cartridge pre-filters from the same site found calcium sulfate as trapped particulates
87

(Hernandez & Utter, 2019). This implied that the trace calcium sulfate particles identified by SEM
and FTIR spectroscopy entered the NF membrane feed-concentrate channel as suspended particles.
The fact remains that particles found in the full-scale NF plant’s feedwater were in fact larger than
5-µm, which is the nominal rating of the pretreatment system’s cartridge filters. Furthermore,
individual particles as large as 30-µm in the interstage stream and up to 70-µm in the concentrate
stream were identified which could be explained by agglomeration within the feed-concentrate
channel. Previous work has reported that colloids can detach over a wide range of flow rates in
porous media in a distributed manner (Hoek et al., 2002). Additionally, hydrodynamic fluid
conditions are provided by the spacer within the channel that could cause shearing which would
provide the conditions for agglomeration and the subsequent formation of larger colloidal particles
(Bergendahl & Grasso, 2000; Haidari et al., 2019; Radu et al., 2014). It is also possible that gypsum
nucleation occurs resulting in the formation of large particles in the concentrate stream due to the
concentration of calcium and sulfate in the presence of nanoparticles, as demonstrated by the work
of Oshchepkov and colleagues (2020), who showed that nanoparticles can play a role in sparingly
soluble salts nucleating in the bulk aqueous solution. This would also possibly explain why the
number of particles tends to be lower in the concentrate stream, as compared to the feed and
interstage streams, perhaps because larger NPs could be depositing on the last few membranes in
the tail-end of the full-scale process.
Conclusions
Submicron particles and microparticles were found in the feed-concentrate channels of a full-scale
NF membrane process utilizing two to evaluate the particle size distribution and concentration of
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submicron particles and MPs present in the collected water samples. Particles ranging between 50
nanometers (nm) and 70 micrometers (µm) were detected in the NF membrane feed-concentrate
channel, and most of the particles identified had an average diameter of less than 1-µm. Submicron
particle content averaged 64 million particles/mL, 47 million particles/mL, and 3.5 million
particles/mL in the feed, interstage, and concentrate streams, respectively. The concentration of
particles less than 500-nm exceeded those greater than 500-nm by at least one order of magnitude
for each stream. However, the less abundant microparticles occupied noticeably more volume
within the feed-concentrate channel than the submicron particles. Particles larger than 5.0 microns,
which exceed the nominal rating of the plant’s cartridge filters, were present in each stream, and a
small number of particles identified were on the order of 30 to 70 microns.
Additionally, the composition of particles collected from the feed, interstage, and concentrate
streams was determined utilizing SEM and EDS with SEI®. The results revealed particulates with
deposits of calcium carbonate, elemental sulfur, and silts/clays in each stream, while organic-based
matter deposits were mainly identified in the interstage and concentrate streams.
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IMPACT OF SUBMICRON PARTICLES ON
NANOFILTRATION FLUX DECLINE
Abstract
A study addressing the impact of silicon dioxide (SiO2) nanoparticles (NPs) and halloysite
nanoclays (NCs) on nanofiltration (NF) membrane productivity has been completed. The effect of
nanomaterials on NF performance was assessed by feeding SiO2 NPs and halloysite nanoclays
(NCs) through a flat-sheet apparatus while monitoring flux. It was determined that small SiO2 NPs
(10-20 nm) caused the relative permeate flux, which is the flux at a given time divided by the
initial flux, to decline to 0.70, while experiments with the larger NCs (diameter of 30- to 70-nm
and length of 1- to 3-µm) demonstrated a relative flux of 0.84. Furthermore, the combination of
NPs and NCs generated a relative flux of 0.81. Additionally, synthetic groundwater (SGW) was
utilized to simulate the impact of nanomaterials on NF membrane processes. Flat-sheet
experiments using SGW resulted in relative flux values of 0.62, 0.79, and 0.72 for test solutions
of NPs, NCs, and both nanomaterials, respectively. The membranes were examined upon
conclusion of the bench-scale tests to assess the impact of nanomaterials on surface hydrophobicity
by contact angle measurements and foulant layer structure by scanning electron microscopy
(SEM). The contact angle measurements indicated that the nanomaterials increase surface
hydrophilicity when deposited onto the membrane. SEM images of the fouled membranes
illustrated the dense cake layer formed by the SiO2 NPs and showed less compact foulant layers
consisting of halloysite NCs and both nanomaterials.
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Introduction
Synthetic membrane technologies are widely used for potable water treatment due to their ability
to produce high quality supplies from various sources by efficiently removing a variety of
contaminants while maintaining a competitive cost. Microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) are pressure-driven membrane processes commonly
used in water treatment. MF and UF membranes achieve contaminant removal through size
exclusion (sieving), while RO removes dissolved contaminants by diffusion. The properties of NF
membranes are unique as they have features of both UF and RO membranes and separation entails
sieving, diffusion, and Donnan effects (Chaabane et al., 2007).
Membrane Fouling Considerations
Fouling is the accumulation of substances on the membrane surface that causes a decline in water
productivity and is a major limitation to the widespread application of membrane technology
(Hong & Elimelech, 1997). Fouling can have a negative impact on the economic effectiveness of
membrane treatment if not controlled as it reduces the rate of production, increases the pressure
required to drive the process, decreases permeate quality, and ultimately shortens membrane life
(Howe et al., 2012). Successful application of membrane technology, thus, requires efficient
control of fouling. Hence, it is important to identify the type of foulants so that actions can be taken
to mitigate fouling concerns and prevent a permanent loss of performance.
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The hydrophobicity of polymeric membranes typically utilized in NF (and RO) processes make
them susceptible to fouling. Common foulants in NF processes include suspended particulates,
natural organic matter (NOM), microbiological growth, soluble metal precipitates, and inorganic
scaling (Howe et al., 2012). Some foulants, as well as cleaning chemicals, can interact with
functional groups in the polymeric membrane active layer resulting in a decline in productivity
(Wen et al., 2019). Furthermore, the improvement of either solvent permeability or solute
selectivity with polymeric membranes typically comes at the expense of the other (the “trade-off”
problem) (Park et al., 2017).
Engineered Nanoparticle Applications
Recognizing the unique properties of certain nanomaterials, researchers have exploited these
characteristics to enhance membrane technologies. The modification of membranes with
nanomaterials, known as thin-film nanocomposite (TFNC) membranes, to improve performance
has been shown to increase permeability, mechanical stability, hydrophilicity, and, in certain cases,
selectivity (Ji et al., 2017; Mohammad et al., 2015; Wen et al., 2019). The unique properties of
NPs, including antimicrobial and catalytic properties, offer increased permeate flux and reduced
fouling, and could potentially overcome the “trade-off’ issue between permeability and selectivity
(Ji et al., 2017; Park et al., 2017; Wuet al., 2010). Several types of nanomaterials have been
examined for their use in TFNC membranes including metallic nanoparticles (NPs), nanoclays
(NC), carbon-based nanomaterials, metal-organic frameworks, and organic NPs (Ji et al., 2017;
Lai et al., 2011; Maalige et al., 2019; Saleem & Zaidi, 2020; Wang et al., 2018; Wen et al., 2019).
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Removal of Nanoparticles with Membrane Processes
Alternatively, the removal of NPs, particularly engineering NPs (ENPs), in water treatment has
been the focus of several studies due to concern about the potential toxicity of certain manufactured
nanoparticles. Naturally occurring nanoparticles (NNPs) arise from various sources, such as
mineral weathering, and are prevalent in natural environments including ground waters and surface
waters which supply drinking water treatment plants (DWTP) (Griffin et al., 2017; Hartland et al.,
2013; Wigginton et al., 2007). ENPs can also be found in potable water sources, but they are
predicted to occur at significantly lower concentrations than NNPs based on modelling studies
using surface waters (Tiede et al., 2016; Westerhoff et al., 2018). ENPs can enter aquatic
environments through their use in products and industrial applications (Good et al., 2016; Troester
et al., 2016; Zhang et al., 2019). Although ENPs are present in low concentrations, their increasing
use in everyday products and applications will likely result in greater concentrations of
manufactured NPs in drinking water supplies (Good et al., 2016; Sousa & Teixeira, 2020; Troester
et al., 2016).
The fate of ENPs in membrane filtration processes, primarily in MF and UF, has been examined
in various laboratory-based experiments. Kaegi et al. (2008) showed that the concentration of
ENPs (colloids 300 nm or less) after UF was less than the concentration following conventional
treatment by a factor of 10 (Kaegi et al., 2008). Abbott Chalow et al. (2013) studied the
breakthrough of silver (Ag), titanium dioxide (TiO2), and zinc oxide (ZnO) NPs in MF membranes
(0.45 µm effective pore size) and UF membranes (0.02 µm pore size). ENP breakthrough was
measured in different water sources, and overall, less breakthrough was observed in UF compared
to MF. For Ag and TiO2 NPs, breakthrough was <5% in UF in all water types evaluated.
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Conversely, ZnO NP breakthrough ranged from 40-95% in both UF and MF even though the
diameter of the ENPs was greater than the UF effective pore size. The contrasting results were
believed to be due to the slow dissolution of ZnO NPs. The results demonstrate that contaminant
removal depends on the pore and particle sizes, as well as, the stability (aggregation or dissolution)
of ENPs in membrane filtration (Abbott Chalew et al., 2013). The removal of dissolved ENPs
would require the use of tighter membranes (NF and RO). Sousa and Teixeira (2015) determined
that NF membranes removed 92% of dissolved Ag ions from Ag NPs. Ionic strength, NOM, and
surface chemistry were shown influence the removal of the dissolved ENPs (Sousa & Teixeira,
2015, 2020).
Membrane material, pore size, electrostatic interactions, water chemistry, and operating conditions
are known to influence ENP rejection (Ladner et al., 2012; Lee et al., 2018; Van Koetsem et al.,
2017; Zhang et al., 2019). Ladner et al. (2012) concluded that greater ENP removal is achieved by
UF in comparison to MF. In this work, gold (Au), Ag, and TiO2 NPs were coated with organics to
add a positive or negative charge, and the ability of membranes of different pore sizes and materials
to remove the functionalized ENPs was monitored. The study found that the negatively charged
membranes captured positively charged ENPs more efficiently than negatively charged ENPs.
Also, pore blockage or constriction through adsorptive interactions was observed when membrane
pore size exceeded ENP diameter; however, interactions were dependent on ENP properties. The
authors concluded that electrostatic interactions can enhance adsorption; thus, contributing to
rejection efficiency (Ladner et al., 2012). An investigation by Van Koetsem et al. (2017)
corroborated the ability of membranes to remove NPs when the effective pore size exceeds the
size of the ENP. Additionally, the observation that lower initial NP concentrations result in less
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breakthrough provided further evidence of adsorption by ENPs as breakthrough will increase with
greater initial concentrations due to saturation. It was also discovered that the removal of ENPs in
pure water was dependent on their characteristics, but the membrane material and electrolyte
concentrations were more influential on rejection efficiency in simulated waters likely due to
aggregation (Van Koetsem et al., 2017). An investigation by Lee et al. (2018) determined that flux
was an important parameter in ENP retention (among others), because increased hydrodynamic
drag resulted in breakthrough due to penetration and caused the deposited nanoparticles to become
detached (Lee et al., 2018).
In contrast to the previous studies which examined ENP removal in laboratory experiments with
synthetic water, Olabarrieta et al. (2018) tested the removal of TiO2 NPs by membrane filtration
in pilot experiments. The pilot study demonstrated that the breakthrough of TiO2 NPs largely
occurred right after backwashing and decreased over time in both MF and UF which suggests that
the cake layer, once formed, is more influential on ENP rejection than pore size. The authors also
provided evidence that removal efficiency can vary with the addition of certain contaminants (in
this case humic acids and bicarbonate) that modify the structure of the cake layer or the speed at
which it forms, as well as, that influence ENP stability. Furthermore, changes in flow rate and
driving pressure slightly impacted TiO2 NP removal in MF, while no such effect on UF
performance was observed. The researchers noted that the results of the pilot experiments were
not comparable to their laboratory studies which performed under similar operating conditions
with synthetic waters. The discrepancy in removal efficiencies were attributed to the variations in
water matrices between the two studies (Olabarrieta et al., 2018).
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Impact of Nanoparticles from the Feed Stream on Membrane Fouling
The impact of NPs in the feed stream on membrane performance has been investigated in some
MF and UF bench-scale studies. While little is known regarding the impact of NPs in NF processes,
some insight into the effects and the interaction of NPs with other foulants can be pulled from the
results of the UF and MF studies. Kim et al. (1993) examined permeate flux, rejection, and fouling
of colloidal silver particles in batch cell membrane filtration experiments. A two-step fouling
process was observed where pore blocking and adsorption are followed by the formation of a cake
layer at the surface, and it was noted that the extent of each step was influenced by salt
concentration. The results showed that the degree of internal deposition was more influential in
fouling than cake formation (Kim et al., 1993). A study by Lipp et al. (2009) supported the
conclusion that internal deposition contributes more to fouling. It was reported that permeability
was significantly lower during a test with small nanoparticles (20-30 nm) than with larger ENPs
(100-250 nm) (Lipp et al., 2009). Springer et al. (2013) also observed the two-step fouling process
in studies with SiO2 NPs but only in membranes with a molecular weight cutoff (MWCO) of 100
kDa (MF range). Irreversible fouling sometimes occurred due to pore blocking or adsorption. For
membranes with an MWCO of 10 kDa (UF range), fouling was only characterized by cake
filtration and was mostly reversible (Springer et al., 2013).
Electrostatic interactions between ENPs and other foulants play a significant role in membrane
fouling. Schultz et al. (2016) determined that the aggregates formed by the interaction of SiO 2 or
α-aluminum oxide NPs with NOM (combined humic acid, sodium alginate, and bovine serum
albumin) resulted in significantly greater fouling than observed when the two foulants were tested
individually in both bench-scale and pilot-scale UF experiments. The degree of fouling was worse
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in studies with aluminum oxide NPs and NOM which indicates the characteristics of ENPs affect
combined fouling with NOM (Schultz et al., 2016). Ma et al. (2019) also tested the individual and
combined impact of SiO2 and NOM (humic acid and bovine serum albumin) on UF fouling. The
findings indicated that the interaction between the foulants and membrane was more indicative of
fouling early in filtration, while the interactions between the foulants were more influential later
in filtration (after formation of the cake layer). Interestingly, the ENPs had a strong interaction
with bovine serum albumin (BSA), but only interacted weakly with humic acid (HA). In fact, the
SiO2 NPs enhanced fouling when combined with HA likely by filling in the interstices of the HA
cake layer making it denser, but they alleviated fouling when combined with BSA as aggregates
formed making the cake layer less compact (Ma et al., 2019).
The effect of ENPs on membrane productivity in RO and NF was probed in a study by Fang and
Duranceau (2013). In this study, flux was monitored as three types of ENPs (SiO2, TiO2, and CeO2)
were added to the feed stream of a flat-sheet apparatus in separate runs. Two types of polyamide
RO membranes and one cellulose acetate NF membrane were tested. The greatest flux decline was
observed with TiO2 NPs (15-nm) followed by SiO2 nanoparticles (80-nm). Tests with CeO2 NPs
(50- to105-nm) showed the least amount of flux decline. The results could be explained by the
differences in size and density of the ENPs. As the TiO2 NPs were the smallest, the cake layer
would likely be more compact and produce a greater resistance to flow. For all three ENP types,
the degree of flux decline was greater for both RO membranes than for the NF membrane. The
differences in flux decline were attributed to surface morphology. Atomic force microscopy
(AFM) analysis revealed that the ridge-and-valley morphology of the PA membranes conferred
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greater surface roughness in comparison to the smooth morphology of the CA membrane (Fang &
Duranceau, 2013).
Researchers have shown that particle concentration, operational parameters, and divalent salts
contribute to membrane fouling by nanoclays (NCs) in laboratory-scale studies (Liu et al., 2020;
Niriella & Carnahan, 2006). Unlike ENPs, clay minerals represent a large majority of colloidal
particles found in natural waters. Clays are layered silicates formed from mineral weathering and
typically smaller than 1-µm (Armstrong et al., 2009; Niriella & Carnahan, 2006). Their structure
consists of sheets of tetrahedron rings facilitated by weak interactions with cations, and water or
other neutral species can be trapped between the sheets. As a result of their structure, clays are
characterized by plasticity, the application of force results in structural changes, and
impermeability to water. Armstrong et al. (2009) noted that clays are the major components of
foulant build-up (cake layer) found on lead membrane elements as identified by membrane
autopsies. Damage to the membrane surface through abrasion has been noted in autopsies for
systems experiencing flux declines from clay deposition due to the compression of the structure
caused by the increase in driving pressure to maintain the same production rate. Also, the
compression of clay minerals by elevated feed pressures could cause the flux to decline further
due to a reduction in the porosity of the cake layer (Armstrong et al., 2009).
There has been a concerted effort to investigate the removal of ENPs by synthetic membrane
processes and the modification of the membrane surface with ENPs to improve performance and
surface characteristics. However, little information is available regarding the impact of
nanomaterials in feed streams on NF membrane performance despite the prevalence in natural
waters and the fouling potential of NCs. Therefore, the objective of this work was to examine the
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impact of NPs and NCs on NF membrane productivity in flat-sheet (bench-scale) tests and the
subsequent impact of the nanomaterials on membrane surface hydrophobicity and foulant layer
structure.
Materials and Methods
Materials
Fouling experiments with a flat-sheet apparatus were performed using SiO2 NPs (SkySpring
Nanomaterials, Inc., Houston, TX) with a diameter of 10- to 20-nm, and halloysite NC (SigmaAldrich, St. Louis, MO) with a diameter of 30- to 70-nm and a length of 1- to 3-µm (nanotube).
The SiO2 NPs have a spherical morphology and a bulk density of 0.08- to 0.10-gram per cubic
centimeter (g/cm3). Silica is prevalent in natural waters and is known to contribute to membrane
fouling. Halloysite consists of two aluminosilicate layers in a 1:1 aluminum to silicon ratio and
has a similar structure to kaolinite, which is abundant in natural waters (Armstrong et al., 2009).
The impact of nanomaterials on NF membrane processes was investigated in experiments with
synthetic groundwater (SGW) consisting of hardness and NOM to simulate NF process feedwaters
in addition to tests with deionized (DI) water. In SGW, sodium bicarbonate and HAs (SigmaAldrich, St. Louis, MO) were used as surrogates for alkalinity and NOM, respectively.
The feed solutions of SiO2 NPs and halloysite NCs with DI water and SGW were prepared by
ultrasonicating the samples for 10-mins with 15-s pulses to disperse the nanomaterials followed
by stirring the test solution for 10-mins. The test solutions were sonicated using a Model 505 Sonic
Dismembrator (Fisher Scientific, Pittsburgh, PA). The test solutions were adjusted to a pH of 7.0
(± 0.2).
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Laboratory-scale fouling experiments were performed with two NF membranes: Dow NF-270
(DuPont Filmtec, Edina, MN) and SUEZ HL (Sterlitech, Kent, WA). The specifications of both
membranes, polymer type, MWCO, and are provided in Table 5-1. Prior to each flat-sheet
experiment, the membranes were soaked in DI water for 24-hours.
Table 5-1: Flat-sheet membrane specifications
Parameter
Membrane
Polymer

MWCO (Da)

MgSO4 Rejection (%)

Dow NF-270

Polyamide TFC

~200-400

99.2

SUEZ HL

Polyamide TFC

~150-300

98.0

*Note: specifications were provided by the membrane manufacturers
Flat-Sheet NF Performance Testing
The bench-scale membrane performance tests were conducted using the CF042 crossflow flatsheet system. The CF042 system is depicted in Figure 5-1 and consists of two acrylic cells,
stainless steel tubing, nylon tubing, flowmeter, check valves, pressure gauges, and a 19-L feed
reservoir (Sterlitech, Kent, WA). The test solution (or DI water) is pumped from the feed reservoir
to the membrane coupons in the CF042A test cells using a M-03S Hydra-Cell pump (Wanner
Engineering, Minneapolis, MN) with a variable frequency drive (Control Techniques, Eden
Prairie, MN). Two CF042A cells were installed in parallel which allowed for the testing of
membrane coupons in duplicate. The unit was operated in recycle mode by recirculating the
concentrate and permeate streams to the feed tank. Feedwater entered the CF042A cells at a rate
of 757-milliliters per minute (mL/min) with a crossflow velocity of 0.14-meters per second (m/s).
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The test cell feed-concentrate channel had a depth of 0.023-cm and width of 0.392-cm.
Additionally, the cells afforded 42-square centimeters (cm2) of membrane surface area.

Figure 5-1: NF flat-sheet membrane set-up
The initial permeate flux for each flat-sheet experiment was set at 30-gallons per square foot day
(gfd) for both the NF-270 and HL membranes, which corresponded to feed pressures of 65-pounds
per square inch (psi) and 100-psi, respectively. However, DI water was fed through the system for
20-mins upon installation of the membrane coupons to remove residual chemicals before being
drained. Then, membranes were compacted with DI water under pressure for 24-hr before draining
and adding the test solution. Following the addition of the test solution to the feed reservoir, the
flux was calculated from the permeate flow rate every five minutes over a 20-hr flat-sheet run.
SLF3S-1300F liquid flow sensors (Sensirion, Inc., Staefa, Switzerland) were installed on the
permeate lines of both cells to record the permeate flow rates.
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The NF membranes were subjected to a set of experiments consisting of four different tests
conditions. A baseline test with just DI water was performed first for both membranes. The
baseline test was followed by experiments consisting of DI water and either 500-mg/L of SiO2
NPs or 500-mg/L halloysite NCs. Lastly, the combined impact of the nanomaterials, both at
concentrations of 250-mg/L, on membrane performance was evaluated. The NF-270 membranes
underwent another set of experiments with SGW instead of DI water. SGW was comprised of 250mg/L of sodium bicarbonate and 10-mg/L of HAs. Following each test, the membranes were rinsed
with DI water, and the system was flushed with DI water.
Contact Angle Measurements
Following the flat-sheet experiments, the membrane hydrophobicity of the membrane coupons
was determined by measuring the contact angle formed by the contact point of a single drop of
water with the active layer surface. Contact angle measurements were determined by the sessile
drop technique and carried out using a Model 100 goniometer (ramé-hart instrument co.,
Succasunna, NJ). Membrane coupons were dried for 48-hours prior to contact angle
measurements. A DI water droplet was dispensed from a micrometer syringe to the membrane.
The reported contact angles were determined from the average of five contact angles measured at
different locations along the surface.
Scanning Electron Microscopy
SEM was utilized to examine the structure of the foulant layer built up on the membrane surfaces
following NF flat-sheet testing with SiO2 NPs and halloysite NCs. The membrane coupons were
imaged using the Zeiss Ultra-55 TEG SEM with the InLens secondary detector (Carl Zeiss AG,
109

Oberkochen, Germany). The Schottky field emission source had a resolution of 1-nm at 15-kV
and 1.7-nm at 1-kV. The membranes were dried for at least 48-hours, mounted to the stage with
carbon tape, and coated with gold prior to SEM imaging.
Results and Discussion
Effect of Nanomaterials on Membrane Flux
The individual and combined impact of SiO2 NPs (denoted NPs) and halloysite NCs (denoted
NCs) on NF membrane performance was evaluated under DI and SGW conditions.
Impact of SiO2 NPs and Halloysite NCs on NF Flux Decline
The impact of NPs and NCs on NF membrane flux was probed with two types of membranes: NF270 and HL. Both membranes were subjected to a set of four experiments performed with DI
(baseline), 500-mg/L of either NPs or NCs, and 250-mg/L of both NPs and NCs to examine the
singular impact of nanomaterials on membrane performance. Permeate flow rates were recorded
every 5-mins to determine the relative flux, expressed as the flux at a given time divided by the
initial flux, throughout the 1200-min flat-sheet run. Figure 5-2 and Figure 5-3 present the results
of experiments completed with NF-270 membranes and HL membranes, respectively. Similar
declines in relative flux were observed for each condition regardless of membrane type. The
contribution of nanomaterials to NF fouling was gauged based on the deviation from the baseline.
The results indicate that the introduction of SiO2 NPs to the feedwater of a bench-scale NF
membrane process caused the greatest drop in permeate production as the relative dropped to 0.70
and 0.69 for the NF-270 and HL membranes, respectively. While the halloysite NCs led to a
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decrease in relative flux, the decline to approximately 0.84 for both membranes was less than the
drop produced by the SiO2 NPs. Previous studies have also concluded that the impact of NPs
smaller than 30-nm on flux is more damaging than that of submicron particles larger than 100-nm
(Fang & Duranceau, 2013; Lipp et al., 2009).
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Figure 5-2: Relative flux as a function of time in experiments with Dow NF-270 membranes to
evaluate the individual and combined impact of SiO2 NPs and halloysite NCs on performance
Furthermore, the combination of SiO2 NPs and halloysite NCs caused the relative flux to fall to
0.81 for both membranes which lies between declines noted when the NPs and NCs were tested
individually. This finding suggests that an interaction between the NPs and NCs impacts NF
membrane fouling in addition to the interaction with the membrane surface formed by the
nanomaterials alone. The relative flux curves for NPs and the combination of NPs and NCs were
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characterized by a sharp initial decline followed by a gradually dropping or evening out around
the same relative flux for the remainder of the test.
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Figure 5-3: Relative flux as a function of time in experiments with SUEZ HL membrane coupons
to evaluate the individual and combined impact of SiO2 NPs and halloysite NCs on performance
Fouling Experiments with Synthetic Groundwater
Fouling experiments were repeated with the NF-270 membranes using synthetic groundwater,
consisting of 10-mg/L HA and 250-mg/L sodium bicarbonate, to simulate the impact of NNPs on
NF membrane processes. Figure 5-4 details the impact of SiO2 NPs and halloysite NCs on
membrane flux under synthetic groundwater conditions. SiO2 NPs caused a sharp decrease in
relative flux to 0.62 within the first 300-mins of the run, surpassing the relative flux decline for
the baseline (DI) conditions, and began to stabilize after the initial drop. Additionally, the impact
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of halloysite NCs and the combination of NCs and NPs on relative flux surpassed the decline
experienced using DI water at 0.79 and 0.0.72, respectively.
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Figure 5-4: Relative flux as a function of time in experiments with Dow NF-270 membrane
coupons to evaluate the individual and combined impact of SiO2 NPs and halloysite NCs on
performance using SGW
Contact Angle Measurements
Contact angle measurements were taken following the fouling experiments to determine the impact
of nanomaterials on membrane surface hydrophobicity. Hydrophobic surfaces do not tend to
interact with water, so the water droplets ‘bead’ upon contact with a hydrophobic surface as
opposed to flattening due to adsorption to a hydrophilic surface. Instead, hydrophobic materials,
which are known to contribute to membrane fouling, have an affinity for the hydrophobic surfaces
(Howe et al., 2012). The modification of membranes with NPs has been investigated as a promising
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method to increase membrane surface hydrophilicity, among other benefits (Ji et al., 2017; Park et
al., 2017; Wu et al., 2010).
Table 5-2 shows that nanomaterials deposited onto the membrane from the feed stream also
increase surface hydrophilicity. The contact angles for a given condition were similar regardless
of the baseline (DI or SW) and membrane except for the measurements from the tests with NCs
which varied slightly. The contact angles measured for the SiO2 NPs and the combination of NPs
and NCs were very low and difficult to measure due to the increased surface hydrophilicity
conferred by the SiO2 NPs with measurements unable to be performed for the HL membranes. The
droplets quickly dispersed and adsorbed to the membrane which prevented the angle of the contact
point with the membrane from being detected.
Table 5-2: Contact angle (°) measurements for membrane performance tests
Membrane (Baseline Condition)
Condition
Dow NF-270 (DI)

SUEZ HL (DI)

Dow NF-270 (SW)

Baseline

73.2 ± 2.5

70.8 ± 3.1

68.3 ± 2.7

SiO2 NPs

8.21 ± 1.46

NA

9.65 ± 1.40

Halloysite NCs

27.7 ± 2.2

39.8 ± 2.8

34.9 ± 2.4

NPs + NCs

5.55 ± 0.99

NA

8.27 ± 0.99

*NA: not analyzed; droplet dispersed rapidly and couldn’t be measured
Fouling Layer Structure
SEM was utilized to image the structure of the cake layer on the membrane surface following the
flat-sheet tests. Figure 5-5 and Figure 5-6 depict the SEM images at two magnifications for each
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test within the sets of experiments conducted with the NF-270 and HL membranes, respectively.
The foulant layer formed by the SiO2 NPs appears to be most compact in comparison to the cake
layers made up of halloysite NPs and the combination of NPs and NCs which contain small gaps
or interstices. The spherical SiO2 NPs, with diameters of 10- to 20-nm, are much smaller than the
NCs, which can be over 1-µm in length with a diameter of 30- to 70-nm. Therefore, a foulant layer
consisting solely of the NCs would not be able to pack in as tightly as the NPs leaving space for
water to reach the membrane, thereby causing less resistance to flow. When combined with NPs,
NCs improve membrane flux relative to the production observed with NPs alone and could be
explained by the notable gaps in the cake layer structures (easily seen at 1000X). The looser cake
layer could be due to inter-foulant interactions which allow the larger NCs to impede the NPs from
forming a more compact cake layer.
Figure 5-7 displays the SEM results for the set of experiments performed with NF-270 membranes
using SGW. The declines in relative flux were greater than those observed for the set of
experiments performed with DI, and it appears that the interaction between the inorganic
nanomaterials and the organic HAs produced a denser foulant layer by visual inspection of the
SEM results. Previous studies have reported that the combination of SiO2 and HAs causes
increased flux decline compared to when the two were tested individually and suggested the cause
is the formation of a more compact fouling layer (Ma et al., 2019; Schultz et al., 2016)
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Figure 5-5: SEM images of the Dow NF-270 membranes clean at A) 1,000X, B) 5,000X fouled with SiO2 NPs at C) 1,000X,
D) 5,000X; and NCs at E) 1,000X, F) 5,000X; and SiO2 NPs + NCs at G) 1,000X, H) 5,000X
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Figure 5-6: SEM images of the SUEZ HL membranes clean at A) 1,000X, B) 5,000X fouled with SiO2 NPs at C) 1,000X, D)
5,000X; and NCs at E) 1,000X, F) 5,000X; and SiO2 NPs + NCs at G) 1,000X, H) 5,000X
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Figure 5-7: SEM images of the fouled NF-270 membranes with SW at A) 1,000X, B) 5,000X and SiO2 NPs at C) 1,000X, D)
5,000X; and NCs at E) 1,000X, F) 5,000X; and SiO2 NPs + NCs at G) 1,000X, H) 5,000
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Conclusions
Laboratory-scale NF flat-sheet experiments were performed to determine the impact of SiO2 NPs
and halloysite NCs on flux decline. It was shown that the smaller SiO2 NPs (10-20 nm) were
responsible for the greatest decline in flux in experiments performed using DI water with two
different membranes and SGW, which supports previous work (Fang & Duranceau, 2013; Lipp et
al., 2009). Furthermore, contact angle measurements revealed that the nanomaterials, particularly
the SiO2 NPs, increased membrane surface hydrophilicity, which is often associated with better
membrane performance. However, the membranes experienced a notable decline in flux for each
test condition relative to the baseline rate suggesting that a foulant layer formed on the membrane
surface from accumulated nanomaterials caused the flux decline by obstructing flow.
The structure of the foulant layers from tests with NPs and NCs individually and together on the
surface of the membrane was visualized with SEM. A more compact fouling layer was observed
for NPs than for the NCs, while an improvement in productivity and cake layer permeability was
observed in tests combining the nanomaterials relative to individual tests with NPs. Additionally,
the combination of HAs with nanomaterials caused flux declines greater than those seen in
individual tests with nanomaterials and NOM, which is supported by previous findings (Ma et al.
2019).
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GENERAL CONCLUSION
This research has resulted in several findings pertaining to the source, impacts, and transfer of
particulates in a NF membrane process with some having practical applications while others
contribute to areas of membrane research that have seldom been explored.
➢ An evaluation of the well field supplying an NF process demonstrated wells with the
greatest fouling potential and provided recommendations to mitigate the introduction of
foulants to the West WTP.
o Wells that produced the most particulates and one well that appeared to be
experiencing biological fouling were identified for rehabilitation.
o Each of the wells produced more turbid supplies once being turned on following a
period of relaxation, so it was recommended to install blow-off valves at each of
the wells.
➢ The performance of the SF pilot indicates that SF would likely be an effective addition to
the pretreatment process at the West WTP and, as a result of this work, the City has
implemented a production-scale SF-CF-NF pilot program.
o On average, SF reduced feedwater turbidity by more than 70 percent.
o The NF-SE pilot study demonstrated that particulates could reach the membranes
following CF and cause plugging in the front-end element.
➢ The distribution and concentration of submicron particles and MPs in the feed, interstage,
and concentrate streams of a NF membrane process was determined, which provides
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valuable information to a seldom studied area of membrane research- naturally-occurring
NP and MP characterization in membrane feed-concentrate channels.
o Most of the particles identified were in the nanometer range while more of the
volume within the feed-concentrate channel was occupied by the less abundant
MPs, some of which greatly exceeded the 5-µm nominal rating of the pre-filters.
o The larger MPs primarily consisted of silts/clays, calcium carbonate, and elemental
sulfur with some particles composed of organic based matter identified in the
interstage and concentrate streams.
➢ The presence of small NPs (10-20 nm) in the feed stream of a laboratory-scale NF unit
resulted in greater flux declines than the larger NCs (30-70 nm in diameter and 1-3 µm in
length).
o In each set of experiments, the SiO2 NPs caused the greatest decline in flux for
both membranes and feedwater conditions likely due to the compact foulant layer
formed on the membrane surface.
o The combination of HAs and SiO2 NPs in the feedwater of a flat-sheet NF process
exacerbated flux decline and interaction of the two foulants produced a more
compacted cake layer.
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